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Abstract
Liam NEBE
Development of a Hypersonic Fluid Structure Interaction
Experiment
Without a strong understanding of the behaviour of the control surfaces of a hyper-
sonic vehicle, catastrophic failure of the craft can occur. Due to the complexity and
expense of generating hypersonic test conditions, only a small number of high-quality
experimental data sets are available to provide an understanding of the forces and in-
teractions experienced by the control surface during hypersonic manoeuvres. A Fluid
Structure Interaction or FSI that occurs during hypersonic flow over a typical trailing
edge control surface is the region of unsteady turbulent recirculation occurring in the
corner of the compression ramp.
A number of studies found that large shock movement and flow unsteadiness occur at
frequencies in the range of 0-10 kHz in this region. This shock movement and bound-
ary layer separation interacts with the control surface, leading to large and unwanted
motion of the vehicle.
The aim of this investigation is to develop an experiment that both demonstrates the
behaviour and accurately measures the flow properties of the unsteady separation re-
gion in the corner of a compression ramp.
The three primary goals of the project were;
1. A test piece will be designed and built which is able to clearly demonstrate the
behaviour of the unsteady separation region.
2. Using a variety of techniques, measurements of the behaviour of the unsteady
separation region will be made.
iv
3. A number of processes for analysing the data obtained from the testing will be
created allowing streamlined analysis in future investigations.
The test piece was chosen to be in the form of a double cone, with the front cone at-
tached to some springs, able to vibrate. The intention was to match the frequency of the
front cone vibration with that of the flow to induce resonance, however more friction
was present than expected, leading to an over damped response instead of an under
damped one.
Two experimental tests were run, which generated pressure, heat transfer and schlieren
data. The pressure data was affected by an external source of interference and was
deemed useless. The heat transfer and Schlieren data found there was no direct corre-
lation between the motion of the test piece, shocks and the heat transfer calculated.
A number of processes were successfully created which will aid with future investiga-
tions of the model.
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1Chapter 1
Introduction
1.1 Overview
In order to control effectively a hypersonic vehicle, an extended knowledge of the in-
teractions between the hypersonic fluid and the control surfaces of the vehicle is es-
sential. Due to the complexity and expense of generating hypersonic test conditions,
there are a low number of high quality experimental data sets available to provide an
understanding of the forces and interactions experienced by the control surface during
hypersonic manoeuvres.
The interaction between a moving structure and fluid flow is known as a Fluid Struc-
ture interaction, or FSI. One place in which FSI can commonly occur in hypersonic flow
is the control flaps of a hypersonic aircraft operating in atmosphere, such as those used
on NASA’s X-43A scramjet test vehicle, which is shown in Figure 1.1.
FIGURE 1.1: NASA’s X-43A Hypersonic Experimental Vehicle in it’s pro-
tective shipping frame.
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As the design tolerances for such vehicles operating at hypersonic speeds are small,
engineering an effective design for these control systems for such aircraft is a complex
procedure. This design process is further hindered by the lack of detailed knowledge
and understanding surrounding these FSI’s.
A type of FSI that commonly occurs during hypersonic flow over a typical trailing edge
control surface, is a region of unsteady turbulent recirculation due to boundary layer
separation in the corner between the deflected control flap and the main wing, known
as a compression ramp. Shown in Figure 1.2, the structure of the shock pattern which
forms can be seen at the corner of an actuated control surface. [1]
FIGURE 1.2: A representation of the flow structures present in typical com-
pression corner.
Several studies undertaken at high supersonic Mach numbers, [2–4], have investigated
this region for a rigid compression corner and found that large shock movement and
flow unsteadiness occur at frequencies in the range of 0-10 kHz. Due to the unsteady
nature of this “bubble”, the mechanisms that govern the behaviour of this region are
not well understood. The shock movement and boundary layer separation noted in
these studies could excite a response in the control surface, which could lead to un-
wanted motion of the vehicle and cause catastrophic failure of the vehicle.
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1.2 Project Aim and Goals
1.2.1 Project Aim
The aim of this investigation is to develop an experiment that both demonstrates the
behaviour and accurately measures the flow properties of the unsteady separation re-
gion in the corner of a compression ramp.
1.2.2 Project Goals
The following list describes the three primary goals of this project:
1. A test piece will be designed and built which is able to clearly demonstrate the
behaviour of the unsteady separation region.
2. Using a variety of techniques, measurements of the behaviour of the unsteady
separation region will be made.
3. A number of processes for analysing the data obtained from the testing will be
created allowing streamlined analysis in future investigations.
1.3 Thesis Structure
Chapter 1 has described a brief overview of the project and provided the project aim
and goals of the project.
In Chapter 2, a review of the current literature relating to hypersonic compression cor-
ners, unsteady boundary layer separation and hypersonic flow testing is undertaken.
Chapter 3 presents the design and optimisation of the experimental test piece.
Chapter 4 presents the experimental methodology used to test in the TUSQ tunnel.
The results of the experimental testing are shown in Chapter 5. In addition, an analysis
and discussion of these results have also been presented.
Finally, in Chapter 6, the conclusions and recommendations for future work are dis-
cussed.
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Literature Review
2.1 General Background
Standard supersonic inviscid flow theory considers the effects that the viscosity of the
flow has on the characteristics of the flow to negligible. In practise, all flow is viscous
to some degree and hence the effects of this viscosity cannot be ignored. For supersonic
flow, these viscosity effects result in turbulent fluid boundary layers to form along sur-
faces parallel to the flow. Due to the chaotic nature of turbulent flow, understanding
the mechanisms governing the development and behaviour of such boundary layers
is a challenge.
The early major study which characterises turbulent boundary layers in supersonic
flow is that by Van Driest [5], who created relations for skin friction and heat trans-
fer coefficients for a thin boundary layer based on continuity, momentum and energy
differential equations. This analysis works well for simple cases of flow, however real-
world scenarios of supersonic flow are rarely simple.
Under the standard supersonic inviscid flow theory for the compression ramp de-
scribed in Figure 1.2a, an oblique shock wave would be expected to be attached at
the corner of the compression ramp. However, due to the presence of the turbulent
boundary layer along the surface leading up to the compression corner, the shock is
not able to attach and instead forms the flow structure shown in Figure 1.2b.
2.2 Shock Wave Boundary Layer Interaction
The structure forming in Figure 1.2b is known as a shock wave boundary layer interac-
tion, or SWBLI. SWBLI’s are common in many super and hypersonic applications and
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hence have had a great variety of studies completed in regards to trying understand
the complex mechanisms that govern the behaviour of them. A number of studies
done in the early 1950’s, [6–8], were among the first to begin to characterise typical
SWBLI. Early studies such as these relied on the source of shock being separate from
the boundary layer, with the shock being deflected into the boundary layer.
2.3 The Supersonic Compression Corner
Johannesen [9] provided one of the first comparisons of the effects a turbulent and lam-
inar boundary layer has on the shock pattern in a compression ramp style corner. He
found that for a laminar boundary layer, upstream of the corner, an increase in pres-
sure would cause the flow to separate from the wall, with the oblique shock forming at
this separation point, he also noted that far away from the corner, the flow properties
generally agreed with those provided by the inviscid solution.
In Settles PHD dissertation on “An experimental study of compressible turbulent bound-
ary layer separation at high Reynolds number” [10] he notes that for a rectangular
compression ramp, it was important to ensure the flow remained nominally two di-
mensional across the compression corner. This two dimensionality is a necessary con-
dition for the study of the SWBLI’s, as this greatly simplifies the analysis required and
helps to eliminate any 3 dimensional effects which may confuse the data produced.
In his dissertation, Settles points out several times that for the flat compression ramp,
the so called “end effects” can cause 3 dimensional effects to dominate the data. He
compares his choice of the “fences” at the sides of the ramp to previous studies un-
dertaken where end effects rendered their data useless. He also notes that this is a
limitation which is not present for larger axisymmetric test pieces, as the radius of
curvature for such devices is large compared to the flow structures developed by the
SWBLI’s.
Several studies under taken at high supersonic Mach numbers, Dolling and Murphy
1982, Andreopoulus and Muck 1987, Erengil and Dolling 1991, [2–4] have investigated
this region for a rigid compression corner and found that large shock movement and
flow unsteadiness occur at frequencies in the range of 0-10 kHz.
2.3. The Supersonic Compression Corner 7
FIGURE 2.1: Pressure vs Time.
Of particular note is Dolling and Murphy’s study, one of the earlier studies to begin
to quantify the unsteady movement of the separated shock wave structure. Using the
ramp configuration from Settles earlier study, Dolling and Murphy found that near the
separation point of the flow, there was large scale pressure fluctuations acting on the
surface, shown in Figure 2.1.
It can be seen from these results that the pressure oscillates at approximately 500 Hz
in the top case. They also give a representation of the flow structure via Schlieren pho-
tography and compare it to the flow structure described in a further study undertaken
by Settles and others [11], as shown in Figure 2.2.
A review of the work untaken on unsteady shockwave boundary layer interactions
from 1950 to 2000 is present in Dolling’s’ “Fifty years of shock-wave/boundary-layer
interaction research: what next?” [4]. One aspect of SWBLI that, Dolling’s notes, is
not yet well understood is “understanding the causes of the large-scale, low-frequency
pulsation of separated flows”, among a number of other fields he views as being par-
ticularly important research focuses for the future.
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FIGURE 2.2: Comparison of Actual Compression Corner Flow Structure
vs Ideal
2.4 Axisymmetric Compression Corners
Of particular relevance to this investigation, is M. Flanagan’s PHD dissertation, “An in-
vestigation of unsteady pressure and temperature characteristics due to shock-boundary
layer interactions in a Mach 6 axisymmetric flow field” [12]. As a result of his investiga-
tions, Flanagan noted that for the turbulent boundary layer condition, at the corner of
a compression ramp on a flared cone axisymmetric test piece, significant surface pres-
sure variation was noted, with the dominant frequencies of the response occurring at
around 400 Hz. He noted that this was in contrast to previous studies which found a
response in the 1-2 kHz range and being mostly spread. The test piece he used in his
investigations is shown in Figure 2.3.
Flanagan noted that was significant differences in the heat transfer rate between turbu-
lent and laminar flow. He found that the laminar heat transfer rate was approximately
half of that of the turbulent rate. His investigations were averaged over a long test
time, however they may provide an indication of what may be expected for different
flow regimes.
The results from Flanagan’s investigation are a strong indicator of some of the charac-
teristics that can be expected for conical flow at Mach 6 conditions.
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FIGURE 2.3: Extended Double Cone Geometry
2.5 Hypersonic Test Facilities
There are a number of different configurations of facilities capable of generating hyper-
sonic test conditions, which can be separated into three main categories; Continuous
flow, Intermittent flow, and Shock and Expansion Tube facilities.
2.5.1 Continuous Flow Facilities
Continuous Flow Hypersonic facilities are design to provide long test times, as air is
continually forced through the test section. The typical arrangement of such a facility
is shown in 2.4. A number of compressors are used to raise the pressure of the work-
ing fluid up to the required stagnation pressure, with the mass flow rate through the
compressors determining the size of the test section.
Due to the cost and complexity of running these compressors, there a significant costs
associated with the building and running of a continuous flow facility and means that
such facilities are not common around the world. Two of the Continuous Flow facilities
which are currently in operation include:
1. NASA Langley tunnels
2. AEDC Tunnels B and C
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FIGURE 2.4: An example of a continuous flow hypersonic facility - NASA
Langley [13]
2.5.2 Intermittent Flow Facilities
An intermittent flow facility uses a similar procedure to the continuous flow facilities,
except the high pressure gas cannot be supplied indefinitely, and test times are gener-
ally limited to around a minute. An example of such a facility is shown in Figure 2.5.
Some of the Intermittent Flow Facilities in operation are the world include:
1. NASA Langley
2. AEDC Tunnel A
3. Bremen University Hypersonic Tunnel
Intermittent flow facilities have similar limitations to the continuous flow facilities in
that the flow in the test section is generally very cold. They provide longer test times
than shock tunnels, without the large cost of the continuous flow conditions.
2.5. Hypersonic Test Facilities 11
FIGURE 2.5: An example of an intermittent flow hypersonic facility -
NASA Langley [14]
2.5.3 Shock Tunnel and Expansion Tube Facilities
While the operation of shock and expansion tubes can vary between individual facil-
ities, the test times for these facilities are generally less than a second. In the general
operation of such a facility, high pressure gas is released at one end of a long tube,
either driving a piston or accelerating itself down the tube. Whatever the exact con-
figuration is, the end result is hot, high pressure, stagnated gas is at allowed to pass
through a converging-diverging nozzle, accelerating the flow up to the designed con-
ditions. An example of one such configuration can be seen in Figure 2.6.
Some examples of notable Shock Tunnels and Expansion Tube Facilities currently in
operation include:
1. NASA Hypulse
2. UQ T4 and X3
3. TUSQ Ludwieg Light Piston
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FIGURE 2.6: An example of a Ludwieg Tube with isentropic compression
heating, such as that used at TUSQ [15]
2.6 Sensors for Hypersonic Test Conditions
There are a number of different sensors which are capable of measuring hypersonic
test conditions. The most commonly used are discussed
2.6.1 Pressure Transducer
A pressure transducer is a sensor that is capable of measuring the pressure force ap-
plied to the surface. There are a number of different ways in which a pressure is able
to be converted to a measurable signal, but the most commonly used method utilises
the piezoresistive effect.
The piezoresistive effect is a change in the resistivity of a material when undergoing
strain. This change in resistivity is able to be measured when a current is passed
through the material, resulting in a change in the voltage potential across the mate-
rial. This voltage difference is then able to be measured by the appropriate equipment.
The change in the resistance of the material between a range of applied strains and
the conversion between a pressure force and the strain experienced by the material is
generally linear. Therefore, after calibration, the voltage measured can generally be
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converted directly to a pressure reading via a simple linear relationship.
The response time for the piezoresistive effect is generally in the order of 1 microsec-
ond [16], which allows for accurate measurements of high speed flow features.
2.6.2 Thin Film Heat Transfer Gauges
Another sensor capable of measuring hypersonic flow conditions is the thin film heat
transfer gauge or TFHTG. These sensors are capable of measuring flows in which the
temperature is highly transient and can be accurate to 0.1 K. These sensors are typi-
cally coated in a material which experiences a change in resistance when undergoing
a change in temperature.
The material is generally applied in a very thin layer, around 0.1 microns, over an in-
sulating material. This thin layer is able to change temperature quickly to match the
flow passing over the sensor.
This change in resistance is able to be converted from a temperature change to a heat
transfer, using the following equation derived from [17].
q˙n(t) =
√
ρck√
piαrV0
[ n
∑
i=1
V(ti)−V(ti−1)
(tn − ti)1/2 + (tn − ti−1)1/2
]
(2.1)
Due to the high failure rate and niche application the Heat Transfer gauges used in this
report are manufactured and calibrated by UQ.
2.6.3 Schlieren Imaging
The basic technique of Schlieren imaging relies on the differences in density of a medium
causing differing levels of diffraction of light passing through the medium. If this light
is focussed to a point and some sort of barrier is passed exactly at his point, any light
that is diffracted from its path will either hit the barrier or deflect over it. This results in
regions of differing density letting differing amounts of light through to the observer.
A basic schlieren setup is shown in the Figure 2.7.
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FIGURE 2.7: An example of a typical Schlieren setup [18]
In hypersonic flows very large density gradients are possible, making Schlieren an
effective technique for visualising the complex flow structures that can occur in such
flows.
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2.7 Opportunity for Investigation
It is clear that there is a need to be able to understand the complex interactions which
occur in the compression corners at hypersonic velocities. By choosing an axisymmet-
ric geometry it is hoped that the flow can be reduced to a quasi-2D approximation and
providing an clearer picture of the processes occurring.
2.8 Thesis Scope
This thesis will consist of the initial design work to develop an axisymmetric test piece
which is able to excite resonance in the unsteady flow occurring in the compression cor-
ner. It will also involve performing an initial test campaign to verify the performance
of the model and generate some initial data which will provide a basic understanding
of what is occurring in this region, informing the direction and providing some tools
for future investigations.
This thesis will not involve in-depth testing and characterisation of the flow in a variety
of conditions, nor is it expected that the data provided here will provide a complete
picture of the processes occurring.
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Chapter 3
Design Methodology
3.1 Overview
In order to design the experimental test model to demonstrate the unsteady separation
region, a number of different processes were needed to be completed. The first stage
of the design process was to develop a procedure to estimate the flow conditions over
the double cone geometry. Once the flow could be characterised over the model, the
design and key dimensions of the test piece could be optimised to provide the best
possible performance.
3.2 Initial Concept
One of the primary functions of the test piece was to excite resonance in the unsteady
separation region of the flow. It was decided that a way to achieve this would be to
have the front cone of the test piece be able to move. By vibrating at a frequency close
to or exactly matching the fundamental frequency of the unsteady separation move-
ment, this resonance should be achieved.
The initial concept for the test piece was to attach the front cone to a spring, whose
stiffness was chosen such that the natural frequency of the system would match that
of the resonant frequency of the unsteady separation region. The initial flow over the
test piece at the beginning of the test time would provide the impulse required for free
vibration of the front cone section to take place. An outline of the initial concept is
shown in Figure 3.1.
In order to design the stiffness of the spring and to model the response of the test piece
to the initial impulse, the properties of the flow over the front cone section needed to
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FIGURE 3.1: The initial concept for the experimental test piece is shown,
with key design features labelled.
be estimated.
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3.3 Estimation of Flow Properties
There following two methods were used to estimate the flow properties over a double
cone geometry.
3.3.1 Modified Newtons Method
As the flow was hypersonic, to give a first order approximation of the surface pressure,
the Modified Newtonian Approximation was used. The Modified Newtonian Approx-
imation is generally more accurate for blunt bodies in high hypersonic flow, however it
provided an acceptable initial estimate of the drag experienced by the front cone. The
drag force on a cone with a half-angle of θ, under the Modified Newtonian, is given by
the following:
D = cp
1
2
ρ∞u2∞ × sin θ × A (3.1)
Where cp, the pressure coefficient, is given by:
cp = cp,max sin2 θ (3.2)
Where cp,max, the maximum pressure coefficient on the surface, is given by:
cp,max =
2
γM2∞
{[
M2∞(γ+ 1)2
4γM2∞ − 2(γ− 1)
] γ
γ−1[1− γ+ 2γM2∞
γ+ 1
]
− 1
}
(3.3)
This provided a fast and easy to implement first order approximation of the force ap-
plied to the cone, for some of the initial design planning, however it became apparent
that a more accurate estimate would be needed.
3.3.2 Taylor-Maccoll Cone Flow
An exact solution to supersonic flow over a semi-infinite cone was found by Taylor
and Maccoll in their work “The Air Pressure on a Cone Moving at High Speeds. I”
[19]. Their equation fully describes the flow field around a cone at zero angle of attack
in supersonic inviscid flow and is equal to:
γ− 1
2
[
V2max−V2r −
(
dVr
dθ
)2][
2Vr +
dVr
dθ
cot θ+
d2Vr
dθ2
]
− dVr
dθ
[
dVr
dθ
Vr +
dVr
dθ
(
d2Vr
dθ2
)]
= 0
(3.4)
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FIGURE 3.2: A graphical representation of the components of the Taylor-
Maccoll cone flow equation. [20]
Where θ is the angle of a ray projected from the vertex of the cone. This, along with the
other elements in the Taylor-Maccoll equation are shown in Figure 3.2.
As this equation is a complex ordinary differential equation, or ODE, no direct solution
is possible. Therefore a numerical scheme is needed to solve this equation. Using the
method described by Anderson in [20], the Taylor-Maccoll Equation could be reduced
to a system of two non-linear ODEs.
v˙ = z (3.5)
v¨ = z˙ =
vz2 − γ− 1
2
(1− v2 − z2)(2v + 2 cot θ)
γ− 1
2
(1− v2 − z2)− z2
(3.6)
Where:
v =
dV′r
dθ
= V′θ (3.7)
z =
d2V′θ
dθ2
(3.8)
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V′ = V
Vmax
(3.9)
In order to solve this set of ODE’s, a shock angle θs is assumed, and given the known
free stream Mach number, the flow properties immediately after the shock can be
found using the oblique inviscid shock relations.
Then given the Mach number, M, and deflection angle, δ,the normalised velocity com-
ponents, V′r and Vθ ′, can be found using the process below, which gives one boundary
condition.
V′ =
[ 2
(γ− 1)M2 + 1
]−1/2
(3.10)
V′θ = V
′sin(θs − δ) (3.11)
V′r = V′cos(θs − δ) (3.12)
Once these have been found, a numerical method, such as Runge-Kutta 4, can be used
to step the ODE’s forward in small increments of ∆θ. Since the flow at the surface of the
cone must be parallel to it, there can be no angular component of the velocity, hence
Vθ ′ = 0 at θc. Once Vθ ′ does equal zero, the angle of a cone which will produce the
assumed shock wave angle has been found, for the given Mach number of the flow.
Hence, the initial assumed shock angle can be varied until the true cone angle is out-
putted, resulting in the full flow being definable. Once the shock angle is known, the
ODE can be solved to give the value of V′ at the surface of the cone. Then by using
Equation (3.10), the Mach number of the flow can be found. From the Mach number, by
using the isentropic flow relations, the full flow properties can be calculated at the sur-
face, by assuming the flow to be isentropically compressed along a streamline, starting
just behind the shock wave and finishing at the cones surface.
The implementation of the solver in Python can be found in Appendix C. The python
solver was verified against the solvers written by Huwaldt [9] and Devenport [21], us-
ing the test conditions in T-USQ and a cone half angle of 30 degrees. The results of the
verification can be seen in Table 3.1, rounded to 6 significant places.
As it can be seen, the Python solver written agrees closely with the other solvers, any
differences being due to the step size and tolerances used in the numerical solution.
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TABLE 3.1: Comparison of Solver Solutions for a Semi Infinite Cone.
Quantity Python Solver Huwaldt’s Solver Devenport’s Solver
θs 34.9890 34.9890 35.0295
Mc 2.69926 2.69925 2.69601
Tc/T∞ 3.14504 3.14505 3.14946
Pc/P∞ 13.6631 13.6633 13.6905
3.3.3 Simulink Model
In order to simulate the response of the front cone section to the impulse pressure force
from the flow, a model was created in MATLAB’s Simulink. The front cone section of
the test piece could be modelled as a one dimensional mass-spring-damper system.
The block diagram for this model is shown in Figure 3.3
FIGURE 3.3: Block diagram of Simulink model a simple mass-spring-
damper system.
As a natural frequency of 500 Hz was desired for the free vibration of the front cone,
assuming an approximate mass of 125 grams, the required spring constant could be
calculated by:
ωn =
√
k
m
k = m×ω2n
= 0.125× (500× 2pi)2
= 1233700N/m (3.13)
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An impulse could be modelled by setting the force to apply to the mass at a certain
time.
3.4 Model Sizing
3.4.1 Optimising Model Geometry
Now that the flow over a cone is able to be characterised using the numerical Taylor-
Maccoll Cone Flow solver, it is possible to easily investigate the expected flow over a
range of model geometries.
The first parameter used to optimise the cone geometry is the angle between the shock
formed at the tip of the front cone and the cone surface. This angle can be found using
the output from the Taylor-Maccoll Solver. In order to be able to better resolve the flow
features in the separation region, this angle should be maximised. This will allow the
Schlieren imaging system to have the largest view of the separation region, which will
allow finer details to be resolved.
The second optimisation parameter is the Mach number of the flow after the first shock.
The post-shock Mach number should be maximised, in order to ensure the hypersonic
effects needed to generate the unsteady separation. The post-shock Mach number is
also an output of the Taylor-Maccoll Solver.
Another optimisation parameter is the mass of the front cone section. As the natural
frequency is dependent on the mass of this section, in order to reduce the stiffness re-
quirements of the spring used, which in turn allows a greater displacement of the front
cone section for an equivalent applied force. A non-dimensional mass was used, as the
overall sizing of the geometry could not yet be estimated, however changing the size
of the cone angle will provide an equivalent change in mass, regardless of the actual
base radius of the cone.
By calculating these three parameters for a range of cone half angles, the optimal an-
gle can be estimated for the front cone section. Shown in Figure 3.4, these parameters
have been plotted against a cone half angle ranging from 5 to 55 degrees, as after this
point the shock separates from the front cone and the Taylor-Maccoll Solver no longer
provides a solution.
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FIGURE 3.4: Various properties of flow and test piece against the half an-
gle of the front cone section
30 degree half angle was chosen to ensure that a steep enough shock forms without
having the flow Mach number reduced too significantly.
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3.4.2 Core Flow
As the flow exits the Mach 6 nozzle, a shock forms around the lip of the nozzle, form-
ing the structure shown in Figure 3.5.
FIGURE 3.5: Representation of the oblique shocks which form at the exit
of nozzle.
As a result of this, the region of the nominally Mach 6 flow reduces away from the noz-
zle exit. In order to provide an overall size for the model, it was recommended by the
TUSQ staff that the maximum diameter of the model not exceed 80% of the available
core flow diameter at the point where the model is mounted, in order to avoid flow
choking.
The angle of the exiting core flow can be calculated by the Mach Angle formula:
µ = sin−1
( 1
M
)
It was recommended by USQ staff that a Mach number of 4 be used for the current
nozzle setup, accounting for boundary layer effects and the pressure of the test. This
generates a Mach angle of approximately 14.48 degrees. This angle was used as a con-
straint, as well as setting the half angle of the second cone to 60 degrees, meaning the
angle between the front cone surface and the back cone is 30 degrees as well. Conse-
quently, the base radius of the second cone can be plotted, along with the base radius of
the front cone, against the height of the front cone section, which is shown in Figure 3.6.
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FIGURE 3.6: Variation in possible cone sizes vs front cone height.
The height of the front cone was chosen to balance the size and mass of the front cone
against the size of the second cone in order to allow sufficient space for the instrumen-
tation and mechanisms required for the front cone to vibrate.
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3.4.3 Key Model Dimensions
From the optimisation criteria and sizing constraints, the final key model dimensions
were chosen. These dimensions are summarised in Figure 3.7.
FIGURE 3.7: An overview of the key optimised model dimensions.
3.4.4 Model Refinement
Now that the test piece has the key model dimensions defined, the Simulink model
can be used to plot the response of the accurate to the initial impulse of the flow. From
the Taylor-Maccoll Solver, for the specified cone half-angle of 30 degrees, the pressure
on the surface of the front cone can be found. This was equal to approximately 9.82
kPa. As the size of the front cone is now known, the pressure over the surface can be
summed, to give the total force applied to the front cone. This force can be used as the
step input into the Simulink model. The response of the front cone to this force can be
seen in Figure 3.8.
As it can be seen, the maximum displacement experienced by the front cone is approx-
imately 0.03 mm. As this displacement is very small, it is unlikely that the movement
of this section was going to have any significant effect on the unsteady separation bub-
ble. As such, the initial concept for this mechanism needed to be reconsidered.
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FIGURE 3.8: Displacement of the front cone section in response to the ini-
tial impulse from the flow.
In order to achieve a higher displacement, instead of using the impulse from the flow
as the driving force for the vibration, the front cone could be offset initially from the
neutral position by compressing the spring. The front cone section could then be re-
leased as the flow over the test piece begins. The total displacement of the front cone
during vibration will be double the initial offset used, and as such it will only be lim-
ited by the amount of force able to be applied to provide the offset.
The Simulink model can be used to simulate this mechanism by setting the initial con-
dition for the offset to 1 mm. The simulated response to this initial offset can be seen
in Figure 3.9.
This change to the design of the test piece meant that a release mechanism needed to
be designed which is able to hold the front cone in place and then release the front cone
as the flow begins.
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FIGURE 3.9: Displacement of the front cone section in response to an initial
offset of the cone.
3.5 Final Model Design
3.5.1 Design Overview
From the requirements discussed in the optimisation section, a CAD model was de-
signed in Autodesk Inventor in order to produce drawings for manufacture. The full
set of CAD drawings can be found in Appendix A. A sectioned view of the test piece
can be seen in Figure 3.10, with the major components labelled.
An exploded view of the model can be seen in Figure 3.11.
The model can be divided into three main sections; Spring Plate Assembly, Front Sec-
tion and Rear Section. The spring plate assembly connects the front cone piece to the
springs and also contains the steel plates required to connect to the electromagnets.
Front Section contains the assembled spring system, as well as the instrumentation.
Allowances were made for up to six thin film heat transfer gauges and two pressure
transducers. The positions of the sensors are shown in Figure 3.12.
The Rear Section Contains the Electromagnet release system as well as the mounting
shaft for the test piece.
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FIGURE 3.10: Sectioned view of the test piece, with major components
identified.
FIGURE 3.11: Exploded view of the test piece
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FIGURE 3.12: Placement of the sensors around the surface of the test piece.
3.5.2 Key Design Choices
Springs
By using a larger number of springs that are less stiff, reduces the stiffness requirement
for the individual springs. It was decided to use 8 springs to allow for symmetry in the
design and allows later adjustment of total stiffness of the spring system by removing
springs.
The original design used springs sourced from Century Spring Corp, model 3856. The
specifications for this model are shown in Table 3.2.
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TABLE 3.2: Spring Characteristics
CSC Stock 3856
OD (in) 0.625
ID (in) 0.371
Free Length (in) 1.060
Rate (lbs/in) 757.000
Sugg. Max. Defl. (in) 0.130
Sugg. Max. Load (lbs) 96.000
Solid Length (in) 0.760
Wire Dia. (in) 0.127
Total Coils 6.000
Material Spring Steel
Ends Closed & Ground
Finish Zinc
Electromagnets
A quick release mechanism was needed. Initially a mechanical release mechanism was
considered however this was eventually deemed impractical and too complex. After
some research it was determined that two electromagnets should be sufficient to hold
the plate and still fit inside the model and would vastly simplify the release mecha-
nism.
The electromagnets were sourced from Ebay, with minimal documentation given. They
were rated to a 500 N holding force for a zero air gap. They required 12 volts, drawing
10 watts of power.
Linear Bearing
In order to ensure the vibration is maintained over the test time, friction between the
components needs to be minimal. A linear bearing was chosen be used to centre the
front cone section and hold the shaft. Ideally the bearing would ensure smooth move-
ment of the front cone section.
The bearing was sourced from Miniature Bearings Australia and was specified as a
Thompson Linear Bearing, model number LCB-0095-016-022-TP
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3.6 Problems with Model
During the testing period, a number of problems with the test piece were identified
which resulted in sub-optimal performance.
The first change made was to replace the bolts holding the springs in place with threaded
rod. As the bolts holding the springs in place compress the springs significantly, it was
difficult to engage the thread of the bolts with the base when putting the model to-
gether. As there was not room in the test piece to a deep enough hole for the bolt to
begin the compression of the springs. Threaded rod was used instead, allowing for the
compression to take place, as well as allowing a greater degree of adjust-ability in the
distance the springs were compressed.
The second problem was that the electromagnets were not holding their rated strength,
resulting in the spring plate releasing from the magnets instead of holding. It is likely
that a number of factors contributed to this problem.
The first of which being that there was not enough ferritic material used in the spring
plate to allow the magnets to meet their rated performance. This was addressed by
manufacturing thicker steel plates to be attached to the spring plate. The plate thick-
ness was increased to 5 mm. Increasing the plate thickness meant that the electro-
magnets had to be moved further back or the spring plates further forward. This was
achieved by both adding some spacers to the casing as well as increasing the initial
spring compression.
The second factor contributing to the lower than expected performance of the electro-
magnets, was that the springs were stiffer than expected. Even by taking half of the
springs out of the model, the electromagnets were still not able to hold the spring plate.
It is possible that the springs stiffness was increasing more than expected when they
were initial compressed, however it is more likely the electromagnets were still not
operating to the specifications given. This problem was addressed by using a softer
spring in place of the designed ones. The new springs were sourced from Bunnings,
however they were manufactured by Century Spring Corp. The Century Spring model
number was not listed by Bunnings, however the dimensions of the spring, matched
Century Spring model number 28, and it is likely that these were the springs available
form Bunnings. The specifications for this spring given by Century Spring Corp are
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shown in Table 3.3.
TABLE 3.3: Spring Characteristics
CSC Stock 28
OD (in) 0.687
ID (in) 0.505
Free Length (in) 1.25
Rate (lbs/in) 89.000
Sugg. Max. Defl. (in) 0.400
Sugg. Max. Load (lbs) 35.000
Solid Length (in) 0.750
Wire Dia. (in) 0.091
Total Coils 7.250
Material Hard Drawn
Ends Closed
Finish Zinc
It can be seen that these springs do not match the dimensions of the original springs
designed for the model. This added to the difficulty of assembling the model, but after
grinding the end of the springs flat, shortening by around 2 mm, it was possible to as-
semble the model. In addition 2 spring were removed from the bottom layer of springs
to bias the spring plate further from the electromagnets.
Using the springs in this configuration allowed the electromagnets to hold the spring
plate in place, however, the maximum offset of the spring plate achieved was only 0.3
mm, instead of the 1 mm goal. Even with the reduced spring stiffness and offset, the
electromagnets were still not operating ideally. It is likely that the actual holding force
of the electromagnets was significantly less that the rating given. Further testing could
be done to determine the exact performance characteristics of the electromagnets.
During the testing, it was noted that there was no real vibration taking place. The
release mechanism was working as intended but no oscillation of the plate was ob-
served. It is possible that the friction present in the bearings was significantly greater
than expected, leading to an over damped response instead of an under damped one.
Estimating the true damping present in the model is discussed further in Chapter 5.
Another problem noted with the design of the test piece was that adjusting the level
of spring compression was especially fiddly, as the model needed to be taken apart to
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adjust this if the plate was not at the correct distance from the electromagnets. A future
design revision should allow for access to the nuts used to compress the springs when
the casing had been assembled.
3.7 Images of the Test Piece
The following figures show the test piece during testing.
FIGURE 3.13: Photo of the placement of the sensors around the surface of
the test piece.
FIGURE 3.14: Mounting of the test piece in the test section 1.
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FIGURE 3.15: Mounting of the test piece in the test section 2.
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Experimental Methodology
4.1 Facility and Test Conditions
4.1.1 Tunnel Overview
The TUSQ tunnel consists of a Ludwieg tube which uses a free piston to compressively
heat the driven gas. The facility is capable of generating test times of around 200 ms,
long when compared to other facilities in Australia. The longer test time of the TUSQ
tunnel will allow for the unsteady motion of the separation region to fully develop.
4.1.2 Current Setup
The tunnel is currently fitted with a nozzle which has been designed to nominally pro-
duce a Mach 6 flow. The arrangement of the Mach 6 nozzle is shown in Figure 4.1
FIGURE 4.1: Configuration of the Mach 6 nozzle attached to the TUSQ
tunnel. [22]
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4.1.3 Test Flow Conditions
For the initial design of the Mach 6 Nozzle configuration, the following flow condi-
tions were targeted:
TABLE 4.1: Target TUSQ Flow Conditions
Configuration p0 (MPa) T0 (K) p (kPa) T (K) u (m/s) ppit (kPa) Reu (m−1)
M6 free piston 7 500 4.43 61 939 208 58.8e6
A two studies [23, 24], which have been undertaken to accurately characterise the true
flow conditions from the Mach 6 nozzle. Results from these studies have been sum-
marised in Table 4.2.
TABLE 4.2: Actual TUSQ Flow Conditions
Measured Flow Properties Derived Flow Properties
P0 0.953± 0.006 MPa M 5.84± 0.03
T0 550± 14 K P∞ 712 Pa
Ppit/P0 0.0331± 0.0007 T∞ 70.3 K
U∞ 982 m/s
Reu 7.43× 106 m−1
The studies found that these flow conditions were highly repeatable, as shown by the
minimal variation in the uncertainties given. Hence, it is reasonable to assume that
these will be the approximate flow conditions over the test piece.
4.2 Instrumentation
In order to characterise the flow over the model, three different measuring techniques
were chosen; Pressure Transducers, Thin Film Heat Transfer Gauges and a Schlieren
Imaging System
4.2.1 Pressure Transducers
The sensors used to measure the pressure in the test piece were two Kulite XTL-190L(M)
pressure transducers. The Kulite sensors have the advantage of having a fast response
time and an infinitesimal time resolution. The sensors were borrowed from the staff
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at the TUSQ tunnel and were labelled as 20 and 40. The conversion factors given for
these transducers are equal to:
TABLE 4.3: Test Piece Pressure Transducer Conversion Factors
Pressure Transducer Pressure Conversion Factor (Pa)
20 15440.6160946051×V − 7018.82212679442
40 15477.2217425590×V − 6770.49536797458
In addition, there are two pressure transducers in the shock tunnel used to measure
the pressure in the barrel, just before the nozzle, and in the test section. The conversion
factors for these sensors are equal to:
TABLE 4.4: TUSQ Tunnel Pressure Transducer Conversion Factors
Pressure Transducer Pressure Conversion Factor (Pa)
Barrel Transducer V × 833000 + Pambient
Test Section Transducer (Pambient + V)× 10000
The ambient pressure during the testing was measured at approximately 94.45 kPa.
4.2.2 Thin Film Heat Transfer Gauge
The thin film heat transfer gauges are used in testing were custom manufactured by
the University of Queensland and have been used in the high enthalpy tunnels for a
number of years. Due to the sensitivity of the sensors to flow conditions, the failure
rate of these sensors are high in these tunnels, however in the TUSQ tunnel the condi-
tions are significantly less harsh and as such it is expected that using these sensors will
produce reliable results over the testing.
These sensors are individually calibrated during the manufacturing process and are
tested to ensure they are functioning correctly. The two gauges used in the tests run
were designated L5708 and L6407. The calibration factors given for these sensors are
shown in 4.5.
In addition to this, the base voltage, V0 was estimated to be approximately 4.5 V.
The operation procedure for using these sensors can be found in [25].
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TABLE 4.5: Thin Film Heat transfer Gauge Conversion Factors
Thin Film Heat Transfer Gauge αr
L5708 0.001139529848
L6407 0.0009559828872
4.2.3 High Speed Schlieren Imaging
The configuration of the High Speed Schlieren Imaging system used in the TUSQ tun-
nel is shown in Figure 4.2.
FIGURE 4.2: Configuration of high speed schlieren system used in the
TUSQ tunnel
The high speed camera used to image the flow was a FASTCAM SA3 model 120K-M3.
The camera is able to record up to 120,000 frames per second, however this capability
is limited by the amount of light produced by the light source. At higher frame rates
the camera sensor still requires the same amount of light per frame as a lower frame
rate, but the faster shutter speeds result in less light reaching the sensor per frame,
which means the total light reaching the sensor per second must be increased to be
able to provide a clear image. The light source used in the current set-up limited the
maximum frame rate to around 2000 frames per second.
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Another factor which will affect the clarity of the images produced is the fraction of
the time per frame that the camera shutter is open, known as the shutter speed. This is
another factor which is limited by the amount of light reaching the camera sensor. In
order to record the fastest possible frame rate, this value was set to be fully open for
the whole frame, allowing the maximum amount of light reach the sensor.
4.3 Experimental Procedure
The experimental procedures undertaken specifically for testing of the axisymmetric
model included:
1. Before assembly of the model, the components were fit together to ensure the
release mechanism was functioning correctly
2. Two TFHTG’s were inserted into the model, along with the two Kulite pressure
transducers
3. The model was assembled, passing the cables for the sensors through the model
4. Connectors were soldered onto the cables for each of the sensors for interfacing
with the tunnel hardware.
5. The model was mounted in the test section, connecting the sensor cables to the
data and power pass through ports in the tunnel. The two kulite transducers
were connected to the amplifier used to run the gauges, which remained in the
test section.
6. On the outside of the tunnel, the pass through ports were connected to the rele-
vant amplifiers, and to the data recording equipment.
7. The front cone release mechanism was tested before the test section was closed,
ensuring the power was passed through correctly and the timing for the release
was also functioning correctly.
8. The Schlieren Imaging system was set up and tested, getting the appropriate
framing and focus on the test piece, with timing testing also undertaken.
9. The test section was closed, and the general procedure for operation of the tunnel
described below was followed.
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The following general procedure was used when running experimental testing in the
TUSQ tunnel:
1. Dump tanks were reduced to vacuum
2. Piston and diaphragm were removed from previous test
3. Tube was cleaned of debris
4. Diaphragm was replaced at the nozzle end
5. Piston was replaced at beginning of Ludweig Tube
6. The test section is sealed and the reduced to a near vacuum.
7. Driver air is compressed up to pressure
8. Recording software is prepared for test
9. Primary valve is released, to begin flow
This process is undertaken by the staff operating the tunnel.
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Results and Analysis
5.1 Overview
Present here, the raw results have been processed using the techniques discussed ear-
lier and the processed results have been discussed in detail.
5.2 Results and Analysis
The raw results from the testing were converted using the techniques discussed in the
earlier sections. These initial results are presented in the following section.
5.2.1 Pressure Measurements from the Shock Tunnel
Figure 5.1 shows the raw signal from the pressure transducer before the nozzle.
The pressure of the stagnated region in front of the nozzle can be seen to varying across
the test time in a consistent manner for both tests. This behaviour is also consistent
with the previous tests undertaken in the tunnel, in terms of both the magnitude and
shape of the barrel pressure plot.
Figure 5.2 shows the raw signal from the pressure transducer in the test section.
As it can be seen from this figure, the test time begins at approximately 1.6 seconds into
the data recording, finishing around 1.82 seconds. This test time of around 220 ms is in
line with previous testing, hence the tunnel can be assumed to be operating optimally.
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FIGURE 5.1: Barrel Pressure across test time for both tests
FIGURE 5.2: Test section pressure of the test time for both tests.
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5.2.2 Pressure Data
The raw pressure data from the two transducers in the test piece contained significant
interference from an unknown source. Shown in 5.7, the raw signals from the trans-
ducers can be seen to be more or less identical.
FIGURE 5.3: Raw Pressure Transducer Signals for test 1
FIGURE 5.4: Raw Pressure Transducer Signals for test 2.
This is would not be expected from transducers in two different locations on the model.
For both tests, even down to the noise in both signals, the outputs are more or less the
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same, as shown in Figures 5.5 and 5.6.
FIGURE 5.5: Close view of the raw pressure transducer signals for test 1.
FIGURE 5.6: Close view of the raw pressure transducer signals for test 2.
The frequency of the major interference is approximately 50 Hz, which could indi-
cate interference from an AC power source. It is not clear what specifically may have
caused this interference, as the amplifier used to power the transducers was powered
by an isolated DC battery. There is an increase in signal over the test time, matching
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the test section pressure increase shown in Figure 5.2. Despite this, after calibration,
the resulting pressure before the test time does not match with the expected pressure
measured in the test section, of around 1000 kPa. Unfortunately, there was not time to
run further tests to find the source of this error and as such, the pressure data acquired
here can be considered to be mostly useless.
An attempt was made to filter out the 50 Hz frequency using a bandstop Butterworth
Filter which is shown in Figures 5.7 and 5.8. Shown in Figure 5.7 is the filtered signal
from the 1st pressure transducer.
FIGURE 5.7: Filtered Pressure Transducer 1 Signal
As it can be seen, even after filtering, the overall shape more or less lines up for both
transducers, despite the offset introduced by applying the conversion factors speci-
fied in Chapter 4. A similar process was applied to the data from the second test which
yielded similar results. Figure 5.8 shows the filtered signal from the 2nd pressure trans-
ducer.
This filtering did not make the data especially clearer, however an interesting artefact
can be seen in the data from both of the tests. A sudden jump appears in both signals,
occurring around the time when the front cone section was released. At first this may
have indicated that the desired behaviour of the front cone moving to effect the flow
was occurring, however on closer inspection of the data, it appeared that this jump
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FIGURE 5.8: Filtered Pressure Transducer 2 Signal
was occurring instantaneously, at exactly the time when the current applied to the
magnets was released. As the voltage across the electromagnets was recorded, it is
possible to over lay the signal from these with the filtered pressure signal in order
to directly compare these signals. The voltage signal sent to the electromagnets can
be seen overlaid with the pressure reading from a single transducer, for both tests, in
Figure 5.9.
As seen in this figure, the noted jump in the pressure signal occurs at exactly the same
time as the electromagnets are turned off, giving no time for the flow to actually re-
spond to the movement of the front cone. This indicates that a possible source for the
interference noted was the power being applied to the electromagnets. It is possible,
due to the significant power applied to the magnets, that there was some amount of
current being induced in the transducer leads due to electromagnetic induction.
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FIGURE 5.9: A comparison of the signal for a single transducer overlaid
with the voltage applied to the electromagnets. No units were given to the
axis due to the significant difference in magnitude between the signals.
5.2.3 Thin Film Heat Transfer Gauge Data
The raw signal from the thin film heat transfer gauges can be seen in Figures 5.10 and
5.11.
FIGURE 5.10: Raw heat transfer gauge signal from sensor 1, for both tests.
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FIGURE 5.11: Raw heat transfer gauge signal from sensor 2, for both tests.
One interesting aspect of the raw signal from each sensors is that despite starting on
slightly different levels, indicating the model being at a different temperature for each
test, likely due to heating caused by the electromagnets, the gauges both rise to the
same roughly the same level for each test, indicating that the flow conditions are con-
sistent between tests and that the sensors are operating as expected.
Using the conversion process described earlier, the raw signal from the TFHTG’s were
converted into a heat transfer measurement. As is common with TFHTG measure-
ments, the resultant heat transfer plot contains some significant noise. A low pass
Butterworth Filter was applied to the data in order to smooth the result. This filtered
signal was over laid with the unfiltered data and is shown in Figures 5.12 and 5.13 for
the first test.
The filtering was applied to the signals for each test and are compared in Figures 5.14
and ??
As can be seen from these figure, the heat transfer varies over the test time.
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FIGURE 5.12: Raw and Filtered Heat Transfer Gauge 1 Signal for Test 1
FIGURE 5.13: Raw and Filtered Heat Transfer Gauge 2 Signal for Test 1
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FIGURE 5.14: Filtered Heat Transfer Gauge Signals for Test 1
FIGURE 5.15: Raw and Filtered Heat Transfer Gauge Signals for Test 2
5.2.4 Schlieren Images
Overview
500 frames of Schlieren images were recorded for each of the tests. An example of a
frame from each test is shown in Figures 5.16 at a time of 240.
Significant shock movement can be observed from the Schlieren. Shown in Figure 5.17,
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(A) Frame 240 - Test 1 (B) Frame 240 - Test 2
FIGURE 5.16: Comparison of Schlieren Images for Test 1 and Test 2
the shock structure for a 6 of consecutive frames can be seen to vary to a great degree.
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FIGURE 5.17: 6 consecutive frames from Schlieren High Speed Video
demonstrating shock movement
Tracking
The individual Schlieren images were combined, for each of the tests, into a video in
order to analyse the motion of the front cone and the shock structure. The program
Tracker was used to track a number of points on the model as well as the shock struc-
ture. The points that were tracked on the model are shown in Figure 5.18
The axial displacement of the front cone during the test time was found by tracking
the position of the tip of the front cone and the base section throughout the test. The
difference between these points gave the magnitude of the displacement of the front
cone. A plot of this displacement, over the length of the test time, is shown in 5.19.
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FIGURE 5.18: The points in the Schlieren video that were tracked using
Tracker
FIGURE 5.19: Displacement of the front cone over the test time.
As it can be seen, the front cone did not vibrate as was expected, instead only re-
leasing from position and returning to the neutral point. This was likely caused by
friction present between components that was greater than expected, leading to an
over-damped response. Using the Simulink model of the system, the true damping
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present in the system could be estimated by matching the actual response of the front
cone section to the simulated one. The spring stiffness was updated to match the ac-
tual configuration of the springs in the testing, as well as the maximum displacement.
In Figure 5.20 the actual front cone displacement is compared to the updated simulink
model, as well as the expected response if no damping was present.
FIGURE 5.20: Comparison of the measured front cone displacement and
the adjusted Simulink model.
The damping value which gave this response was approximately 300 Ns/m.
Using the tracking software, the movement of the detached shock section was recorded
for each frame of the video. The movement of this shock is shown in Figure 5.21.
In addition to this, the point at which the shock forming off the tip of the front cone
and the detached shock impinge was tracked. The radial displacement of this point
was compared to the heat transfer signals from the two TFHTG’s and can be seen in
Figure 5.22.
Unfortunately, there did not appear to be any clear correlation between the movement
of the shock structure and the heat transfer measurements.
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FIGURE 5.21: Axial displacement of the detached second shock.
FIGURE 5.22: Radial displacement of the shock impingement point was
compared to the filtered heat transfer signals in an effort to find a correla-
tion between the two.
5.3 Discussion of Results
There were a number of sections of the project that were overall successful.
The first major section of the project that went well was the design process used for the
test piece. By using the initial numerical analyses of the flow conditions, the design of
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the components were able to be optimised without significant trial and error. The op-
timisation process gave the test piece a number of constraints, which helped to inform
the design of the test piece.
Despite the actual operation of the test piece not working as expected, the major pieces
of the test piece which required complex CAD design all functioned as expected. There
were no major issues during the manufacturing process for these pieces, as working
closely with the workshop staff during the design process ensured that the majority of
the issues with the model were found before any manufacturing needed to take place.
The second major section of the project which worked well was the processing of the
data obtained from the experiment. Although some of the measurements obtained
from the testing had been influenced by an external source of interference, likely re-
lated to the electromagnets, the procedures used to process the data all worked well.
Using Matlab to convert the data streamlined the majority of the processing, since
many functions are already built in, and having graphical control of some aspects of
the data processing allow easier and faster manipulation and visualisation of aspects
of the data. While every ability of Matlab is available in some way in other options,
such as python, having everything already packaged together removed some of the
headache associated with getting certain functions working together.
As discussed throughout earlier sections there were a number of issues which occurred
during the project which could have been mitigated.
The foremost of these being that the test piece did not operate as expected during the
testing. Ideally, testing of the model before the tests were run would have identified
these problems before they impacted these results. Due to time constraints, the model
was not able to be properly tested before the day in which the testing was designated.
Changes were made to the model on the day of the testing in order to get the holding
mechanism to function. This meant that there was not time to ensure the vibration of
the front cone was occurring when the front cone was released and as such provisions
could not be made to fix the problem.
In future investigations, it is recommended that pre-testing of the mechanisms required
for successful operation of the test piece be undertaken. As such, adjustments could be
made to the final design of the test piece, before the expensive manufacturing process
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took place.
A possible solution to the problem of excess friction in the model could be to remove
the linear bearing from the test piece. It is likely that while the bearing was successful
at centring the front cone section, it contributed significantly to the damping in the
model. Due to the low mass of the front cone section and spring plate, there was in-
sufficient inertia to overcome the inherent friction of the bearing. If the springs were of
high enough quality and care was taken to assemble the model, they may have been
sufficient to centre the front cone section. The edge of the front cone may have to be ma-
chined away to account for the greater play in the alignment of the pieces. In order to
help with this centring of the front cone without the linear bearing, it is recommended
that the spring seating be designed to keep the spring in place and aligned properly.
Another issue which could have been addressed through pre-testing, was the erro-
neous pressure signals obtained from the pressure transducers. The source of the in-
terference should have been identified in pre testing, or at least accounted for in the
results.
Another aspect of the model which did not function correctly was release mechanism
for the spring plate. The approaches taken to account for this discrepancy have already
been discussed, however it is worth stating that it is unlikely that the electromagnets
will be able to achieve their specified holding force and hence a different mechanism
could be investigated for future testing if the original requirements need to be met.
As shown in the results section, the current Schlieren imaging system was not ade-
quate to properly capture the motion of the shock structure and in order to achieve a
higher frame rate and avoid the aliasing noted, a brighter light source should be used,
allowing more light to reach the sensor.
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Conclusion and Recommendations
6.1 Recommendations for Future Work
6.1.1 Immediate Work
Some of the steps that would need to be taken immediately to continue the analysis
that has been undertaken thus far include:
• Identify the source of the errant pressure transducer signals and eliminate or ac-
count for them
• Modify some aspects of the model for better adjust-ability of the spring compres-
sion and the gap between the electromagnets and the spring plate
• Redesign the release mechanism to meet requirements and operate more consis-
tently
• Reduce or eliminate the friction in the model, to ensure that vibration of the front
cone is able to take place.
By completing these stages it is expected that further could be undertaken to actually
achieve the vibration of the front section hopefully demonstrating the resonance with
the flow.
6.1.2 Extensions of Work
Once the initial stages described above have been completed, some of the directions
that this study could be taken include:
• Develop a higher time-resolution schlieren study of the shock movements over
the model
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• Characterise the movement of shocks using detailed pressure and heat transfer
data from points over the model
• Further investigate the axisymmetric behaviour of the test piece by comparing
the data from different locations on the model or by using new measuring tech-
niques such as pressure or heat sensitive paint.
• Complete a CFD validation/comparison study with the data obtained from the
immediate work section.
As it can be seen, there are a number of ways in which the initial work completed here
could lead to further studies.
6.1.3 Future Goals
In the longer term some goals of possible future investigations could include:
• Creating a controllable front section to investigate control algorithms for the con-
trolling the flow.
• Investigate similar geometries or variations of the geometry
6.2 Conclusions
As discussed, there have been a number of useful developments from this project,
which include:
1. Development of a base model for further testing and modification.
2. Produced some TFHTG data able to be analysed further.
3. Produced some high quality Schlieren data, usable for verification for CFD and
further analysis.
4. Development of a number of data processing procedures and codes able to take
data from testing a convert/present it.
5. Learnt some key lessons on what should be avoided.
6. Developed a number of avenues for immediate continuation of this work.
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It would appear that the project goals have been partially achieved. A test piece was
developed and built, however a number of factors effected the performance of the
model. A few methods have been suggest which should be able to eliminate these fac-
tors, however.
Measurements of the behaviour of the unsteady separation region were made, how-
ever the pressure data was affected by an external source of interference, rendering
this data useless.
The one project goal that was met, however, was the processes used to manage and pro-
cess the data were developed and were successful in helping to streamline the analysis
procedure.
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Appendix A
Manufacturing Drawings
The following contains the manufacturing drawings used to make the original model.
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Appendix B
MATLAB Code
The following contains the MATLAB code used to manipulate the data.
DataRead.m
M = dlmread ( ’ run724−1909− j u s t d a t . t x t ’ ) ;
T = dlmread ( ’ run723−1711− j u s t d a t . t x t ’ ) ;
t 1 = 1 ;
t2 = 30000 ;
time = M( t1 : t2 , 1 ) ;
ch0 = M( t1 : t2 , 2 ) ;
ch1 = M( t1 : t2 , 3 ) ;
ch2 = M( t1 : t2 , 4 ) ;
ch3 = M( t1 : t2 , 5 ) ;
h1 = M( t1 : t2 , 6 ) ;
h2 = M( t1 : t2 , 7 ) ;
p1 = M( t1 : t2 , 8 ) ;
p2 = M( t1 : t2 , 9 ) ;
names = s t r i n g ( { ’RawCH0. png ’ , ’RawCH1. png ’ , ’RawCH2. png ’ , ’RawCH3. png ’ , ’
RawHT1 . png ’ , ’RawHT2 . png ’ , . . .
’RawP1 . png ’ , ’RawP2 . png ’ } ) ;
namesTP = s t r i n g ( { ’RawCH0TP. png ’ , ’RawCH1TP. png ’ , ’RawCH2TP. png ’ , ’RawCH3TP
. png ’ , ’RawHT1TP . png ’ , ’RawHT2TP . png ’ , . . .
’RawP1TP . png ’ , ’RawP2TP . png ’ } ) ;
t i t l e s = s t r i n g ( { ’Raw B a r r e l Pressure Transducer S igna l ’ , ’Raw Channel 1
S igna l ’ , ’Raw Channel 2 S igna l ’ , . . .
’Raw Test S e c t i o n Pressure Transducer S igna l ’ , ’Raw TFHTG 1 Signa l ’ , ’Raw
TFHTG 2 Signa l ’ , . . .
’Raw Pressure Transducer 1 S igna l ’ , ’Raw Pressure Transducer 2 S igna l ’ } )
;
t i t l e s i z e = 1000 ;
a x i s l a b e l s i z e = 1 8 ;
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axisnumbersize = 1 2 ;
f igwidth = 1000 ;
f i g h e i g h t = 5 0 0 ;
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
% Raw Data
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
%{
for i i = 1 : length ( names )
i i
f igure ( )
plot ( T ( t1 : t2 , 1 ) +0 .0045 ,T ( t1 : t2 , i i +1) ,M( t1 : t2 , 1 ) ,M( t1 : t2 , i i +1) )
t i t l e ( t i t l e s ( i i ) , ’ f o n t s i z e ’ , 1 0 0 )
xlabel ( ’ Time ( sec ) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
ylabel ( ’ Voltage (V) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
s e t ( gcf , ’ P o s i t i o n ’ , [ 1 0 0 , 100 , f igwidth , f i g h e i g h t ] )
s e t ( gca , ’ f o n t s i z e ’ , axisnumbersize )
legend ( ’ Test 1 ’ , ’ Test 2 ’ )
ax = gca ;
outerpos = ax . OuterPosi t ion ;
t i = ax . T i g h t I n s e t ;
l e f t = outerpos ( 1 ) + t i ( 1 ) ;
bottom = outerpos ( 2 ) + t i ( 2 ) ;
ax_width = outerpos ( 3 ) − t i ( 1 ) − t i ( 3 ) ;
ax_height = outerpos ( 4 ) − t i ( 2 ) − t i ( 4 ) ;
ax . P o s i t i o n = [ l e f t bottom ax_width ax_height ] ;
saveas ( gcf , f u l l f i l e ( ’ P l o t s ’ , char ( names ( i i ) ) ) )
end
%−−−−−−−−−−−−−−−−−−−−−−−−−−
% Raw Data − T e s t Time
%−−−−−−−−−−−−−−−−−−−−−−−−−−
t 3 = 15001 ;
t4 = 20000 ;
for i i = 1 : length ( names )
i i
f igure ( )
plot ( T ( t3 : t4 , 1 ) +0 .0045 ,T ( t3 : t4 , i i +1) ,M( t3 : t4 , 1 ) ,M( t3 : t4 , i i +1) )
t i t l e ( s t r c a t ( t i t l e s ( i i ) , ’ − Test Time ’ ) , ’ f o n t s i z e ’ , 1 0 0 )
xlabel ( ’ Time ( sec ) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
ylabel ( ’ Voltage (V) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
s e t ( gcf , ’ P o s i t i o n ’ , [ 1 0 0 , 100 , f igwidth , f i g h e i g h t ] )
s e t ( gca , ’ f o n t s i z e ’ , axisnumbersize )
legend ( ’ Test 1 ’ , ’ Test 2 ’ )
ax = gca ;
outerpos = ax . OuterPosi t ion ;
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t i = ax . T i g h t I n s e t ;
l e f t = outerpos ( 1 ) + t i ( 1 ) ;
bottom = outerpos ( 2 ) + t i ( 2 ) ;
ax_width = outerpos ( 3 ) − t i ( 1 ) − t i ( 3 ) ;
ax_height = outerpos ( 4 ) − t i ( 2 ) − t i ( 4 ) ;
ax . P o s i t i o n = [ l e f t bottom ax_width ax_height ] ;
saveas ( gcf , f u l l f i l e ( ’ P l o t s ’ , char ( namesTP ( i i ) ) ) )
end
%}
c lose a l l
t 3 = 15001 ;
t4 = 20000 ;
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
% P r o c e s s e d Data − T e s t Time
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
namesTP_Pro = s t r i n g ( { ’ProCH0TP . png ’ , ’ProCH1TP . png ’ , ’ProCH2TP . png ’ , ’
ProCH3TP . png ’ , ’ProHT1TP . png ’ , ’ProHT2TP . png ’ , . . .
’ ProP1TP . png ’ , ’ ProP2TP . png ’ } ) ;
% Conver t ed B a r r e l P r e s s u r e
f igure ( )
i i =1 ;
plot ( T ( t3 : t4 , 1 ) +0 .0045 , (1/1000000) ∗ (T ( t3 : t4 , i i +1) ∗833 E03 + 94 .45 E03 ) ,M( t3 :
t4 , 1 ) , (1/1000000) ∗ (M( t3 : t4 , i i +1) ∗833 E03 + 94 .45 E03 ) )
t i t l e ( s t r c a t ( ’ B a r r e l Pressure over Test Time ’ ) , ’ f o n t s i z e ’ , 1 0 0 )
xlabel ( ’ Time ( sec ) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
ylabel ( ’ Pressure (MPa) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
xlim ( [ 1 . 5 2 ] )
s e t ( gcf , ’ P o s i t i o n ’ , [ 1 0 0 , 100 , f igwidth , f i g h e i g h t ] )
s e t ( gca , ’ f o n t s i z e ’ , axisnumbersize )
legend ( ’ Test 1 ’ , ’ Test 2 ’ )
ax = gca ;
outerpos = ax . OuterPosi t ion ;
t i = ax . T i g h t I n s e t ;
l e f t = outerpos ( 1 ) + t i ( 1 ) ;
bottom = outerpos ( 2 ) + t i ( 2 ) ;
ax_width = outerpos ( 3 ) − t i ( 1 ) − t i ( 3 ) ;
ax_height = outerpos ( 4 ) − t i ( 2 ) − t i ( 4 ) ;
ax . P o s i t i o n = [ l e f t bottom ax_width ax_height ] ;
saveas ( gcf , f u l l f i l e ( ’ P l o t s ’ , char ( namesTP_Pro ( i i ) ) ) )
% Conver t ed T e s t S e c t i o n P r e s s u r e
f igure ( )
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i i =4 ;
plot ( T ( t3 : t4 , 1 ) + 0 . 0 0 4 5 , ( 9 4 . 4 5 E03 + 1E05∗T ( t3 : t4 , i i +1) ) /1000 ,M( t3 : t4 , 1 )
, ( 9 4 . 4 5 E03 + 1E05∗M( t3 : t4 , i i +1) ) /1000)
t i t l e ( s t r c a t ( ’ Test S e c t io n Pressure over Test Time ’ ) , ’ f o n t s i z e ’ , 1 0 0 )
xlabel ( ’ Time ( sec ) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
xlim ( [ 1 . 5 2 ] )
ylabel ( ’ Pressure ( kPa ) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
s e t ( gcf , ’ P o s i t i o n ’ , [ 1 0 0 , 100 , f igwidth , f i g h e i g h t ] )
s e t ( gca , ’ f o n t s i z e ’ , axisnumbersize )
legend ( ’ Test 1 ’ , ’ Test 2 ’ )
ax = gca ;
outerpos = ax . OuterPosi t ion ;
t i = ax . T i g h t I n s e t ;
l e f t = outerpos ( 1 ) + t i ( 1 ) ;
bottom = outerpos ( 2 ) + t i ( 2 ) ;
ax_width = outerpos ( 3 ) − t i ( 1 ) − t i ( 3 ) ;
ax_height = outerpos ( 4 ) − t i ( 2 ) − t i ( 4 ) ;
ax . P o s i t i o n = [ l e f t bottom ax_width ax_height ] ;
saveas ( gcf , f u l l f i l e ( ’ P l o t s ’ , char ( namesTP_Pro ( i i ) ) ) )
% Raw K u l i t e P r e s s u r e T e s t 1
t 3 = 15001 ;
t4 = 19955 ;
f igure ( )
i i =7 ;
fu = 7 0 ∗ ( ( 2 ) /(10000) ) ;
f l = 3 0 ∗ ( ( 2 ) /(10000) ) ;
[ b , a ] = b u t t e r ( 3 , [ f l fu ] , ’ stop ’ ) ;
plot ( T ( t3 : t4 , 1 ) + 0 . 0 0 4 5 , ( T ( t3 : t4 , i i +1) ) , . . .
T ( t3 : t4 , 1 ) + 0 . 0 0 4 5 , ( ( T ( t3 : t4 , i i +2) ) ) )
t i t l e ( s t r c a t ( ’Raw Pressure Transducer S igna l over Test Time ’ ) , ’ f o n t s i z e ’
, 1 0 0 )
xlabel ( ’ Time ( sec ) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
xlim ( [ 1 . 5 2 ] )
ylabel ( ’ Voltage (V) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
s e t ( gcf , ’ P o s i t i o n ’ , [ 1 0 0 , 100 , f igwidth , f i g h e i g h t ] )
s e t ( gca , ’ f o n t s i z e ’ , axisnumbersize )
legend ( ’ Sensor 1 ’ , ’ Sensor 2 ’ )
ax = gca ;
outerpos = ax . OuterPosi t ion ;
t i = ax . T i g h t I n s e t ;
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l e f t = outerpos ( 1 ) + t i ( 1 ) ;
bottom = outerpos ( 2 ) + t i ( 2 ) ;
ax_width = outerpos ( 3 ) − t i ( 1 ) − t i ( 3 ) ;
ax_height = outerpos ( 4 ) − t i ( 2 ) − t i ( 4 ) ;
ax . P o s i t i o n = [ l e f t bottom ax_width ax_height ] ;
saveas ( gcf , f u l l f i l e ( ’ P l o t s ’ , ’ RawPTest1 . png ’ ) )
% Raw K u l i t e P r e s s u r e T e s t 2
t 3 = 15001 ;
t4 = 20000 ;
f igure ( )
i i =7 ;
plot (M( t3 : t4 , 1 ) , (M( t3 : t4 , i i +1) ) , . . .
M( t3 : t4 , 1 ) , ( (M( t3 : t4 , i i +2) ) ) )
t i t l e ( s t r c a t ( ’Raw Pressure Transducer S igna l over Test Time ’ ) , ’ f o n t s i z e ’
, 1 0 0 )
xlabel ( ’ Time ( sec ) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
xlim ( [ 1 . 5 2 ] )
ylabel ( ’ Voltage (V) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
s e t ( gcf , ’ P o s i t i o n ’ , [ 1 0 0 , 100 , f igwidth , f i g h e i g h t ] )
s e t ( gca , ’ f o n t s i z e ’ , axisnumbersize )
legend ( ’ Sensor 1 ’ , ’ Sensor 2 ’ )
ax = gca ;
outerpos = ax . OuterPosi t ion ;
t i = ax . T i g h t I n s e t ;
l e f t = outerpos ( 1 ) + t i ( 1 ) ;
bottom = outerpos ( 2 ) + t i ( 2 ) ;
ax_width = outerpos ( 3 ) − t i ( 1 ) − t i ( 3 ) ;
ax_height = outerpos ( 4 ) − t i ( 2 ) − t i ( 4 ) ;
ax . P o s i t i o n = [ l e f t bottom ax_width ax_height ] ;
saveas ( gcf , f u l l f i l e ( ’ P l o t s ’ , ’ RawPTest2 . png ’ ) )
% Raw K u l i t e P r e s s u r e T e s t 1 − C l o s e
t 3 = 17225 ;
t4 = 17270 ;
f igure ( )
i i =7 ;
fu = 7 0 ∗ ( ( 2 ) /(10000) ) ;
f l = 3 0 ∗ ( ( 2 ) /(10000) ) ;
[ b , a ] = b u t t e r ( 3 , [ f l fu ] , ’ stop ’ ) ;
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plot ( T ( t3 : t4 , 1 ) + 0 . 0 0 4 5 , ( T ( t3 : t4 , i i +1) ) , . . .
T ( t3 : t4 , 1 ) + 0 . 0 0 4 5 , ( ( T ( t3 : t4 , i i +2) ) ) )
t i t l e ( s t r c a t ( ’Raw Pressure Transducer S igna l over Test Time ’ ) , ’ f o n t s i z e ’
, 1 0 0 )
xlabel ( ’ Time ( sec ) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
ylabel ( ’ Voltage (V) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
s e t ( gcf , ’ P o s i t i o n ’ , [ 1 0 0 , 100 , f igwidth , f i g h e i g h t ] )
s e t ( gca , ’ f o n t s i z e ’ , axisnumbersize )
legend ( ’ Sensor 1 ’ , ’ Sensor 2 ’ )
ax = gca ;
outerpos = ax . OuterPosi t ion ;
t i = ax . T i g h t I n s e t ;
l e f t = outerpos ( 1 ) + t i ( 1 ) ;
bottom = outerpos ( 2 ) + t i ( 2 ) ;
ax_width = outerpos ( 3 ) − t i ( 1 ) − t i ( 3 ) ;
ax_height = outerpos ( 4 ) − t i ( 2 ) − t i ( 4 ) ;
ax . P o s i t i o n = [ l e f t bottom ax_width ax_height ] ;
saveas ( gcf , f u l l f i l e ( ’ P l o t s ’ , ’ RawPTest1Close . png ’ ) )
% Raw K u l i t e P r e s s u r e T e s t 2 − C l o s e
t 3 = 17225 ;
t4 = 17270 ;
f igure ( )
i i =7 ;
plot (M( t3 : t4 , 1 ) , (M( t3 : t4 , i i +1) ) , . . .
M( t3 : t4 , 1 ) , ( (M( t3 : t4 , i i +2) ) ) )
t i t l e ( s t r c a t ( ’Raw Pressure Transducer S igna l over Test Time ’ ) , ’ f o n t s i z e ’
, 1 0 0 )
xlabel ( ’ Time ( sec ) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
ylabel ( ’ Voltage (V) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
s e t ( gcf , ’ P o s i t i o n ’ , [ 1 0 0 , 100 , f igwidth , f i g h e i g h t ] )
s e t ( gca , ’ f o n t s i z e ’ , axisnumbersize )
legend ( ’ Sensor 1 ’ , ’ Sensor 2 ’ )
ax = gca ;
outerpos = ax . OuterPosi t ion ;
t i = ax . T i g h t I n s e t ;
l e f t = outerpos ( 1 ) + t i ( 1 ) ;
bottom = outerpos ( 2 ) + t i ( 2 ) ;
ax_width = outerpos ( 3 ) − t i ( 1 ) − t i ( 3 ) ;
ax_height = outerpos ( 4 ) − t i ( 2 ) − t i ( 4 ) ;
ax . P o s i t i o n = [ l e f t bottom ax_width ax_height ] ;
saveas ( gcf , f u l l f i l e ( ’ P l o t s ’ , ’ RawPTest2Close . png ’ ) )
% K u l i t e P r e s s u r e 1
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t 3 = 15001 ;
t4 = 19955 ;
f igure ( )
i i =7 ;
fu = 7 0 ∗ ( ( 2 ) /(10000) ) ;
f l = 3 0 ∗ ( ( 2 ) /(10000) ) ;
[ b , a ] = b u t t e r ( 3 , [ f l fu ] , ’ stop ’ ) ;
plot ( T ( t3 : t4 , 1 ) + 0 . 0 0 4 5 , ( 1 5 4 4 0 . 6 1 6 0 9 4 6 0 5 1∗ ( f i l t f i l t ( b , a , T ( t3 : t4 , i i +1) ) ) −
7018 .82212679442) ,T ( t3 : t4 , 1 ) + 0 . 0 0 4 5 , ( 1 5 4 7 7 . 2 2 1 7 4 2 5 5 9 0∗ ( f i l t f i l t ( b , a , T ( t3
: t4 , i i +1) ) ) − 6770 .49536797458) )
t i t l e ( s t r c a t ( ’ F i l t e r e d Pressure Transducer S igna l over Test Time − Test 1 ’ )
, ’ f o n t s i z e ’ , 1 0 0 )
xlabel ( ’ Time ( sec ) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
xlim ( [ 1 . 5 2 ] )
ylabel ( ’ Pressure ( Pa ) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
s e t ( gcf , ’ P o s i t i o n ’ , [ 1 0 0 , 100 , f igwidth , f i g h e i g h t ] )
s e t ( gca , ’ f o n t s i z e ’ , axisnumbersize )
legend ( ’ Sensor 1 ’ , ’ Sensor 2 ’ )
ax = gca ;
outerpos = ax . OuterPosi t ion ;
t i = ax . T i g h t I n s e t ;
l e f t = outerpos ( 1 ) + t i ( 1 ) ;
bottom = outerpos ( 2 ) + t i ( 2 ) ;
ax_width = outerpos ( 3 ) − t i ( 1 ) − t i ( 3 ) ;
ax_height = outerpos ( 4 ) − t i ( 2 ) − t i ( 4 ) ;
ax . P o s i t i o n = [ l e f t bottom ax_width ax_height ] ;
saveas ( gcf , f u l l f i l e ( ’ P l o t s ’ , char ( namesTP_Pro ( i i ) ) ) )
% K u l i t e P r e s s u r e 2
t 3 = 15001 ;
t4 = 20000 ;
f igure ( )
i i =8 ;
plot (M( t3 : t4 , 1 ) , ( 1 5 4 4 0 . 6 1 6 0 9 4 6 0 5 1∗ ( f i l t f i l t ( b , a ,M( t3 : t4 , i i +1) ) ) −
7018 .82212679442) ,M( t3 : t4 , 1 ) , ( 1 5 4 7 7 . 2 2 1 7 4 2 5 5 9 0∗ ( f i l t f i l t ( b , a ,M( t3 : t4 , i i
+1) ) ) − 6770 .49536797458) )
t i t l e ( s t r c a t ( ’ F i l t e r e d Pressure Transducer S igna l over Test Time − Test 2 ’ )
, ’ f o n t s i z e ’ , 1 0 0 )
xlabel ( ’ Time ( sec ) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
xlim ( [ 1 . 5 2 ] )
ylabel ( ’ Pressure ( Pa ) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
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s e t ( gcf , ’ P o s i t i o n ’ , [ 1 0 0 , 100 , f igwidth , f i g h e i g h t ] )
s e t ( gca , ’ f o n t s i z e ’ , axisnumbersize )
legend ( ’ Sensor 1 ’ , ’ Sensor 2 ’ )
ax = gca ;
outerpos = ax . OuterPosi t ion ;
t i = ax . T i g h t I n s e t ;
l e f t = outerpos ( 1 ) + t i ( 1 ) ;
bottom = outerpos ( 2 ) + t i ( 2 ) ;
ax_width = outerpos ( 3 ) − t i ( 1 ) − t i ( 3 ) ;
ax_height = outerpos ( 4 ) − t i ( 2 ) − t i ( 4 ) ;
ax . P o s i t i o n = [ l e f t bottom ax_width ax_height ] ;
saveas ( gcf , f u l l f i l e ( ’ P l o t s ’ , char ( namesTP_Pro ( i i ) ) ) )
% T e s t S e c t i o n and Transduce r P r e s s u r e
t 3 = 1 ;
t4 = 30000 ;
f igure ( )
i i =8 ;
plot ( T ( t3 : t4 , 1 ) + 0 . 0 0 4 5 , ( ( ( 1 5 4 7 7 . 2 2 1 7 4 2 5 5 9 0∗ ( f i l t f i l t ( b , a , T ( t3 : t4 , i i +1) ) ) −
6770 .49536797458) ) −2900) ∗0.8+200 ,T ( t3 : t4 , 1 ) + 0 . 0 0 4 5 , ( 9 4 . 4 5 E03 + 1E05∗T (
t3 : t4 , 4 + 1 ) ) ,T ( t3 : t4 , 1 ) +0 .0045 ,T ( t3 : t4 , 3 + 1 ) ∗1000 ,M( t3 : t4 , 1 ) ,M( t3 : t4 , 3 + 1 )
∗1000)
t i t l e ( s t r c a t ( ’ Comparison of Test S e c t io n and Model Pressures over Test Time
’ ) , ’ f o n t s i z e ’ , 1 0 0 )
xlabel ( ’ Time ( sec ) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
ylabel ( ’ Pressure ( Pa ) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
s e t ( gcf , ’ P o s i t i o n ’ , [ 1 0 0 , 100 , f igwidth , f i g h e i g h t ] )
s e t ( gca , ’ f o n t s i z e ’ , axisnumbersize )
legend ( ’ Test 1 ’ , ’ Test 2 ’ )
ax = gca ;
outerpos = ax . OuterPosi t ion ;
t i = ax . T i g h t I n s e t ;
l e f t = outerpos ( 1 ) + t i ( 1 ) ;
bottom = outerpos ( 2 ) + t i ( 2 ) ;
ax_width = outerpos ( 3 ) − t i ( 1 ) − t i ( 3 ) ;
ax_height = outerpos ( 4 ) − t i ( 2 ) − t i ( 4 ) ;
ax . P o s i t i o n = [ l e f t bottom ax_width ax_height ] ;
saveas ( gcf , f u l l f i l e ( ’ P l o t s ’ , ’ TestComparison . png ’ ) )
% P r e s s u r e vs Magnet R e l e a s e
t 3 = 16101 ;
t4 = 16900 ;
f igure ( )
i i =8 ;
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plot ( T ( t3 : t4 , 1 ) , ( ( ( 1 5 4 7 7 . 2 2 1 7 4 2 5 5 9 0∗ ( f i l t f i l t ( b , a , T ( t3 : t4 , i i +1) ) ) −
6770 .49536797458) ) −2900) ∗0.8+200 . . .
,T ( t3 : t4 , 1 ) ,T ( t3 : t4 , 3 + 1 ) ∗1000 ,M( t3 : t4 , 1 ) , ( ( ( 1 5 4 7 7 . 2 2 1 7 4 2 5 5 9 0∗ ( f i l t f i l t (
b , a ,M( t3 : t4 , i i +1) ) ) − . . .
6770 .49536797458) ) −79000) ,M( t3 : t4 , 1 ) ,M( t3 : t4 , 3 + 1 ) ∗1000)
t i t l e ( s t r c a t ( ’ Comparison of Test S e c t io n and Model Pressures over Test Time
’ ) , ’ f o n t s i z e ’ , 1 0 0 )
xlabel ( ’ Time ( sec ) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
%y l a b e l ( ’ P r e s s u r e ( Pa ) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
s e t ( gcf , ’ P o s i t i o n ’ , [ 1 0 0 , 100 , f igwidth , f i g h e i g h t ] )
s e t ( gca , ’ f o n t s i z e ’ , axisnumbersize )
s e t ( gca , ’ YTickLabel ’ , [ ] )
legend ( ’ Pressure Transducer 1 − Test 1 ’ , ’ Electromagnet Voltage − Test 1 ’ , ’
Pressure Transducer 1 − Test 2 ’ , ’ Electromagnet Voltage − Test 2 ’ )
ax = gca ;
outerpos = ax . OuterPosi t ion ;
t i = ax . T i g h t I n s e t ;
l e f t = outerpos ( 1 ) + t i ( 1 ) ;
bottom = outerpos ( 2 ) + t i ( 2 ) ;
ax_width = outerpos ( 3 ) − t i ( 1 ) − t i ( 3 ) ;
ax_height = outerpos ( 4 ) − t i ( 2 ) − t i ( 4 ) ;
ax . P o s i t i o n = [ l e f t bottom ax_width ax_height ] ;
saveas ( gcf , f u l l f i l e ( ’ P l o t s ’ , ’ PressurevsRelease . png ’ ) )
GenerateMovie.m
workingDir = ’ Lines ’ ;
mkdir ( workingDir , ’ images ’ )
imageNames = dir ( f u l l f i l e ( workingDir , ’ images ’ , ’ ∗ . t i f ’ ) ) ;
imageNames = { imageNames . name } ’ ;
outputVideo = VideoWriter ( f u l l f i l e ( workingDir , ’ s h u t t l e _ o u t . avi ’ ) ) ;
outputVideo . FrameRate = 3 0 ;
open ( outputVideo )
for i i = 1 : length ( imageNames )
i i
img = imread ( f u l l f i l e ( workingDir , ’ images ’ , imageNames { i i } ) ) ;
img = im2uint8 ( img ) ;
writeVideo ( outputVideo , img )
end
close ( outputVideo )
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shut t leAvi = VideoReader ( f u l l f i l e ( workingDir , ’ s h u t t l e _ o u t . avi ’ ) ) ;
i i = 1 ;
while hasFrame ( shut t leAvi )
mov( i i ) = im2frame ( readFrame ( shut t leAvi ) ) ;
i i = i i +1 ;
end
figure
imshow (mov( 1 ) . cdata , ’ Border ’ , ’ t i g h t ’ )
movie (mov, 1 , shut t leAvi . FrameRate )
TFHTG.m
f i l e I D = fopen ( ’ Track1 . t x t ’ , ’ r ’ ) ;
formatSpec = ’%f ’ ;
T = dlmread ( ’ Track1 . t x t ’ ) ;
t ime_t r = T ( 1 : 4 1 8 , 1 ) ;
x = T ( 1 : 4 1 8 , 2 ) ;
y = T ( 1 : 4 1 8 , 3 ) ;
t = [0 0 . 0 1 0 . 0 2 0 . 0 3 0 . 0 4 0 . 0 5 0 . 0 6 0 . 0 7 0 . 0 8 ] ;
V = [ 1 . 1 1 . 2 1 . 3 1 . 4 1 . 5 1 . 6 1 . 7 1 . 8 1 . 9 ] ;
M = dlmread ( ’ run724−1909− j u s t d a t . t x t ’ ) ;
T = dlmread ( ’ run723−1711− j u s t d a t . t x t ’ ) ;
t 1 = 1 ;
t2 = 30000 ;
t i t l e s i z e = 1000 ;
a x i s l a b e l s i z e = 1 8 ;
axisnumbersize = 1 2 ;
time = M( t1 : t2 , 1 ) ;
h1 = M( t1 : t2 , 6 ) ;
h2 = M( t1 : t2 , 7 ) ;
h3 = T ( t1 : t2 , 6 ) ;
h4 = T ( t1 : t2 , 7 ) ;
t = time ;
V = h4 ;
C1 = 1 7 2 6 . 4 2 ; % ( 2∗ ( rho ∗ c∗k ) ^ 0 . 5 ) / ( ( p i ) ^ 0 . 5 )
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%a l p h a _ r = 0 . 0 0 1 1 3 9 5 3 ; %L5708
alpha_r = 0 .0009559828872 ; %L6407
alpha_r1 = 0 . 0 0 1 1 3 9 5 3 ; %L5708
alpha_r2 = 0 .0009559828872 ; %L6407
Vg = 4 . 5 ;
C2 = C1/( alpha_r ∗Vg) ;
C21 = C1/( alpha_r1 ∗Vg) ;
C22 = C1/( alpha_r2 ∗Vg) ;
q = [ ] ;
q1 = [ ] ;
q2 = [ ] ;
q3 = [ ] ;
q4 = [ ] ;
for i i = 2 : length ( t )
i i
sum = 0 ;
sum1 = 0 ;
sum2 = 0 ;
sum3 = 0 ;
sum4 = 0 ;
for j j = 2 : i i
sum = sum + (V( j j ) − V( j j −1) ) / ( ( t ( i i )−t ( j j ) ) ^0.5 + ( t ( i i )−t ( j j −1) )
^ 0 . 5 ) ;
sum1 = sum1 + ( h1 ( j j ) − h1 ( j j −1) ) / ( ( t ( i i )−t ( j j ) ) ^0.5 + ( t ( i i )−t ( j j
−1) ) ^ 0 . 5 ) ;
sum2 = sum2 + ( h2 ( j j ) − h2 ( j j −1) ) / ( ( t ( i i )−t ( j j ) ) ^0.5 + ( t ( i i )−t ( j j
−1) ) ^ 0 . 5 ) ;
sum3 = sum3 + ( h3 ( j j ) − h3 ( j j −1) ) / ( ( t ( i i )−t ( j j ) ) ^0.5 + ( t ( i i )−t ( j j
−1) ) ^ 0 . 5 ) ;
sum4 = sum4 + ( h4 ( j j ) − h4 ( j j −1) ) / ( ( t ( i i )−t ( j j ) ) ^0.5 + ( t ( i i )−t ( j j
−1) ) ^ 0 . 5 ) ;
end
q ( end+1) = C2∗sum ;
q1 ( end+1) = C21∗sum1 ;
q2 ( end+1) = C22∗sum2 ;
q3 ( end+1) = C21∗sum3 ;
q4 ( end+1) = C22∗sum4 ;
end
plot ( t ( 2 : end ) , q , t ,V∗1000)
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f c = 2000 ;
f s = 10000 ;
[ b , a ] = b u t t e r ( 6 , f c /( f s /2) ) ;
f reqz ( b , a )
f igure ( )
B = 1/25∗ones ( 2 5 , 1 ) ;
f igwidth = 1000 ;
f i g h e i g h t = 5 0 0 ;
f igure ( )
i i =8 ;
plot ( t ( 1 5 0 0 1 : 2 0 0 0 0 ) , q ( 1 5 0 0 1 : 2 0 0 0 0 ) , t ( 1 5 0 0 1 : 2 0 0 0 0 ) , f i l t e r ( B , 1 , q ( 1 5 0 0 1 : 2 0 0 0 0 )
) )% f i l t f i l t ( b , a , q ( 1 5 0 0 1 : 2 0 0 0 0 ) ) ) %, t i m e _ t r ∗ ( 3 0 / 2 0 0 0 ) + 1 . 6 , 2 5 0∗ x +1700)
t i t l e ( s t r c a t ( ’ Thin Film Heat Transfer Gauge over Test Time ’ ) , ’ f o n t s i z e ’
, 1 0 0 )
xlabel ( ’ Time ( sec ) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
xlim ( [ 1 . 5 2 . 0 ] )
ylabel ( ’ Heat Transfer (W/m^2) ’ , ’ f o n t s i z e ’ , 1 0 )
s e t ( gcf , ’ P o s i t i o n ’ , [ 1 0 0 , 100 , f igwidth , f i g h e i g h t ] )
s e t ( gca , ’ f o n t s i z e ’ , axisnumbersize )
legend ( ’Raw Signa l ’ , ’ F i l t e r e d Signa l ’ )
ax = gca ;
outerpos = ax . OuterPosi t ion ;
t i = ax . T i g h t I n s e t ;
l e f t = outerpos ( 1 ) + t i ( 1 ) ;
bottom = outerpos ( 2 ) + t i ( 2 ) ;
ax_width = outerpos ( 3 ) − t i ( 1 ) − t i ( 3 ) ;
ax_height = outerpos ( 4 ) − t i ( 2 ) − t i ( 4 ) ;
ax . P o s i t i o n = [ l e f t bottom ax_width ax_height ] ;
saveas ( gcf , f u l l f i l e ( ’ P l o t s ’ , ’ TFHTGRawandFilt2 . png ’ ) )
f igure ( )
i i =8 ;
plot ( t ( 1 5 0 0 1 : 2 0 0 0 0 ) , f i l t e r ( B , 1 , q1 ( 1 5 0 0 1 : 2 0 0 0 0 ) ) , t ( 1 5 0 0 1 : 2 0 0 0 0 ) , f i l t e r ( B , 1 ,
q2 ( 1 5 0 0 1 : 2 0 0 0 0 ) ) )
t i t l e ( s t r c a t ( ’ F i l t e r Thin Film Heat Transfer Gauges over Test Time ’ ) , ’
f o n t s i z e ’ , 1 0 0 )
xlabel ( ’ Time ( sec ) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
xlim ( [ 1 . 5 2 . 0 ] )
ylabel ( ’ Heat Transfer (W/m^2) ’ , ’ f o n t s i z e ’ , 1 0 )
s e t ( gcf , ’ P o s i t i o n ’ , [ 1 0 0 , 100 , f igwidth , f i g h e i g h t ] )
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s e t ( gca , ’ f o n t s i z e ’ , axisnumbersize )
legend ( ’TFHTG 1 ’ , ’TFHTG 2 ’ )
ax = gca ;
outerpos = ax . OuterPosi t ion ;
t i = ax . T i g h t I n s e t ;
l e f t = outerpos ( 1 ) + t i ( 1 ) ;
bottom = outerpos ( 2 ) + t i ( 2 ) ;
ax_width = outerpos ( 3 ) − t i ( 1 ) − t i ( 3 ) ;
ax_height = outerpos ( 4 ) − t i ( 2 ) − t i ( 4 ) ;
ax . P o s i t i o n = [ l e f t bottom ax_width ax_height ] ;
saveas ( gcf , f u l l f i l e ( ’ P l o t s ’ , ’ TFHTGFilterComp1 . png ’ ) )
f igure ( )
i i =8 ;
plot ( t ( 1 5 0 0 1 : 2 0 0 0 0 ) , f i l t e r ( B , 1 , q3 ( 1 5 0 0 1 : 2 0 0 0 0 ) ) , t ( 1 5 0 0 1 : 2 0 0 0 0 ) , f i l t e r ( B , 1 ,
q4 ( 1 5 0 0 1 : 2 0 0 0 0 ) ) )
t i t l e ( s t r c a t ( ’ F i l t e r Thin Film Heat Transfer Gauges over Test Time ’ ) , ’
f o n t s i z e ’ , 1 0 0 )
xlabel ( ’ Time ( sec ) ’ , ’ f o n t s i z e ’ , a x i s l a b e l s i z e )
xlim ( [ 1 . 5 2 . 0 ] )
ylabel ( ’ Heat Transfer (W/m^2) ’ , ’ f o n t s i z e ’ , 1 0 )
s e t ( gcf , ’ P o s i t i o n ’ , [ 1 0 0 , 100 , f igwidth , f i g h e i g h t ] )
s e t ( gca , ’ f o n t s i z e ’ , axisnumbersize )
legend ( ’TFHTG 1 ’ , ’TFHTG 2 ’ )
ax = gca ;
outerpos = ax . OuterPosi t ion ;
t i = ax . T i g h t I n s e t ;
l e f t = outerpos ( 1 ) + t i ( 1 ) ;
bottom = outerpos ( 2 ) + t i ( 2 ) ;
ax_width = outerpos ( 3 ) − t i ( 1 ) − t i ( 3 ) ;
ax_height = outerpos ( 4 ) − t i ( 2 ) − t i ( 4 ) ;
ax . P o s i t i o n = [ l e f t bottom ax_width ax_height ] ;
saveas ( gcf , f u l l f i l e ( ’ P l o t s ’ , ’ TFHTGFilterComp2 . png ’ ) )
TrackingData.m
f i l e I D = fopen ( ’ Track1 . t x t ’ , ’ r ’ ) ;
formatSpec = ’%f ’ ;
T = dlmread ( ’ Track1 . t x t ’ ) ;
f i l e I D = fopen ( ’ run723−1711− j u s t d a t . t x t ’ , ’ r ’ ) ;
formatSpec = ’%f ’ ;
M = dlmread ( ’ run723−1711− j u s t d a t . t x t ’ ) ;
time = T ( 1 : 4 1 8 , 1 ) ;
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x = T ( 1 : 4 1 8 , 2 ) ;
y = T ( 1 : 4 1 8 , 3 ) ;
t 1 = 15000 ;
t2 = 19000 ;
time1=M( t1 : t2 , 1 ) ;
fu = 5 5 ∗ ( ( 2 ) /(10000) ) ;
f l = 4 5 ∗ ( ( 2 ) /(10000) ) ;
[ b , a ] = b u t t e r ( 3 , [ f l fu ] , ’ stop ’ ) ;
p = M( t1 : t2 , 8 ) ;
p = f i l t f i l t ( b , a , p ) ;
ch3 = M( t1 : t2 , 5 ) ;
ht = M( t1 : t2 , 6 ) ;
plot ( time ∗ (30/2000) + 1 . 6 , x/100 + 0 . 7 , time1 , p , time1 , ( ht −2.0) /2 , time1 , ( ch3
+ 1 . 0 ) ∗10)
Pressure.m
f i l e I D = fopen ( ’ run723−1711− j u s t d a t . t x t ’ , ’ r ’ ) ;
formatSpec = ’%f ’ ;
%M = dlmread ( ’ run723−1711− j u s t d a t . t x t ’ ) ;
M =dlmread ( ’ run724−1909− j u s t d a t . t x t ’ ) ;
t 1 = 1 ;
t2 = 30000 ;
p1 = 15440 .6160946051∗ (M( t1 : t2 , 8 ) ) − 7018 .82212679442 ;
p2 = 15477 .2217425590∗ (M( t1 : t2 , 9 ) ) − 6770 .49536797458 ;
O = 6∗ (M( t1 : t2 , 5 ) ) + 6 . 3 ;
time = M( t1 : t2 , 1 ) ;
%A = f s c a n f ( f i l e I D , f o r m a t S p e c ) ;
Fs = 30000/3; % Sampling f r e q u e n c y
T = 1/Fs ; % Sampling p e r i o d
L = 30000 ; % Length o f s i g n a l
t = ( 0 : L−1)∗T ; % Time v e c t o r
X = f f t ( p2 ) ;
P2 = abs (X/L ) ;
P1 = P2 ( 1 : L/2+1) ;
P1 ( 2 : end−1) = 2∗P1 ( 2 : end−1) ;
f = Fs ∗ ( 0 : ( L/2) ) /L ;
plot ( f , P1 )
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t i t l e ( ’ S ingle−Sided Amplitude Spectrum of X( t ) ’ )
xlabel ( ’ f (Hz) ’ )
ylabel ( ’|P1 ( f ) | ’ )
f igure ( )
fu = 6 0 ∗ ( ( 2 ) /(10000) ) ;
f l = 4 0 ∗ ( ( 2 ) /(10000) ) ;
f s = 30000/3;
[ b , a ] = b u t t e r ( 3 , [ f l fu ] , ’ stop ’ ) ;
f reqz ( b , a )
k = ’ Hello ’
f igure ( )
plot ( p2 )
f igure ( )
plot ( time , f i l t f i l t ( b , a , p1 ) , time , f i l t f i l t ( b , a , p2 ) )
X = f f t ( f i l t f i l t ( b , a , p2 ) ) ;
P2 = abs (X/L ) ;
P1 = P2 ( 1 : L/2+1) ;
P1 ( 2 : end−1) = 2∗P1 ( 2 : end−1) ;
f = Fs ∗ ( 0 : ( L/2) ) /L ;
plot ( f , P1 )
t i t l e ( ’ S ingle−Sided Amplitude Spectrum of X( t ) F i l t e r e d ’ )
xlabel ( ’ f (Hz) ’ )
ylabel ( ’|P1 ( f ) | ’ )
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Python Code
The following contains the Python code used to solve the flow.
SupersonicCone.py
from math import pi , sin , cos , tan , atan , radians , degrees , e
from m a t p l o t l i b import pyplot as p l t
# S u p e r s o n i c Flow Over a Cone
# Acros s Shocks C a l c s #
def r h o _ r a t i o (Mn) :
k = 1 . 4
return ( ( ( k+1) ∗ Mn∗∗2) / ( ( k−1) ∗ Mn∗∗2 + 2) )
def p _ r a t i o (Mn) :
k = 1 . 4
return (1 + ( ( 2∗ k ) /(k+1) ) ∗ (Mn∗∗2 − 1) )
def T _ r a t i o (Mn) :
k =1.4
return ( p _ r a t i o (Mn) / r h o _ r a t i o (Mn) )
def Mn2(Mn) :
k = 1 . 4
return ( ( (Mn∗∗2 + (2 /( k−1) ) ) / ( ( ( ( 2 ∗ k ) /(k−1) ) ∗ (Mn∗∗2) ) − 1) ) ∗∗0 . 5 )
# I s e n t r o p i c R e l a t i o n s #
def T_st_on_T (M) :
k = 1 . 4
return ( 1 + ( ( k−1)/2)∗M∗∗2)
def p_st_on_p (M) :
k = 1 . 4
return ( T_st_on_T (M) ∗∗ ( k/(k−1) ) )
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def rho_st_on_rho (M) :
k = 1 . 4
return ( T_st_on_T (M) ∗∗ (1/( k−1) ) )
# Pos t Shock R e l a t i o n s #
def d e l t a (Mn, t h e t a _ s ) :
b = t h e t a _ s
k = 1 . 4
M = Mn/s in ( t h e t a _ s )
t a n _ t h e t a = 2∗(1/ tan ( b ) ) ∗ ( ( (M∗∗2) ∗ ( s i n ( b ) ∗∗2) − 1) / ( (M∗∗2) ∗ ( k+cos (2∗b
) ) + 2) )
t h e t a = atan ( t a n _ t h e t a )
return ( t h e t a )
def M2(Mn, t h e t a _ s ) :
return (Mn2(Mn) /s i n ( theta_s−d e l t a (Mn, t h e t a _ s ) ) )
def V_dash (M) :
k = 1 . 4
return ( ( ( 2 / ( ( k−1) ∗ (M∗∗2) ) ) + 1) ∗∗−0.5)
def M_from_V_dash (V) :
k =1.4
return ( ( ( 2 / ( k−1) ) ∗ ( (V∗∗−2)−1)∗∗−1) ∗∗0 . 5 )
def V( Vr , Vt ) :
return ( ( Vr∗∗2 + Vt ∗∗2) ∗∗0 . 5 )
def V_dash_r (Mn, t h e t a _ s ) :
return ( V_dash (M2(Mn, t h e t a _ s ) ) ∗ cos ( theta_s−d e l t a (Mn, t h e t a _ s ) ) )
def V_dash_theta (Mn, t h e t a _ s ) :
return (−V_dash (M2(Mn, t h e t a _ s ) ) ∗ s i n ( t h e t a _ s − d e l t a (Mn, t h e t a _ s ) ) )
def vdot ( theta , v , z ) :
return ( z )
def zdot ( theta , v , z ) :
k = 1 . 4
gam = ( k−1)/2
term = (1−(v∗∗2)−(z ∗∗2) )
num = ( v∗ ( z ∗∗2) − (gam) ∗ ( term ) ∗ (2∗v + ( z/tan ( t h e t a ) ) ) )
den = (gam) ∗ term − ( z ∗∗2)
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return (num/den )
def rk4 ( x , y , z , f , g , h ) :
k0 = h∗ f ( x , y , z )
l 0 = h∗g ( x , y , z )
k1 = h∗ f ( x + h/2 ,y + k0 /2 , z + l 0 /2)
l 1 = h∗g ( x + h/2 ,y + k0 /2 , z + l 0 /2)
k2 = h∗ f ( x + h/2 ,y + k1 /2 , z + l 1 /2)
l 2 = h∗g ( x + h/2 ,y + k1 /2 , z + l 1 /2)
k3 = h∗ f ( x + h , y + k2 , z + l 2 )
l 3 = h∗g ( x + h , y + k2 , z + l 2 )
y2 = y + (1/6) ∗ ( k0 + 2∗k1 + 2∗k2 + k3 )
# p r i n t ( y2 )
z2 = z + (1/6) ∗ ( l 0 + 2∗ l 1 + 2∗ l 2 + l 3 )
# p r i n t ( z2 )
return ( [ y2 , z2 ] )
def ConeAngle ( ShockTheta ,M, ReturnMach = 0) :
t h e t a _ s = radians ( ShockTheta ) # r a d i a n s ( 3 0 )
M_inf = M #7
Mn = M_inf∗ s i n ( t h e t a _ s )
N = 1000
h = −radians ( ( ShockTheta−0)/N)
t h e t a = t h e t a _ s
v = V_dash_r (Mn, t h e t a _ s )
# p r i n t ( v )
z = V_dash_theta (Mn, t h e t a _ s )
# p r i n t ( z )
# p r i n t ( z d o t ( t h e t a , v , z ) ," i s z d o t " )
v_vals = [ ]
z_vals = [ ]
t h e t a _ v a l s = [ ]
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for n in range ( 0 ,N) :
next_values=rk4 ( theta , v , z , vdot , zdot , h )
t h e t a += h
# p r i n t ( d e g r e e s ( t h e t a ) )
t h e t a _ v a l s . append ( degrees ( t h e t a ) )
v = next_values [ 0 ]
v_vals . append ( v )
z = next_values [ 1 ]
z_vals . append ( z )
i f z >= 0 :
break
# p r i n t ( z _ v a l s [−2])
# I n t e r p o l a t e t o f i n d Cone Angle
t h e t a _ c = t h e t a _ v a l s [−2]−( t h e t a _ v a l s [−2]− t h e t a _ v a l s [−1])∗(− z_vals [−2]/(
z_vals [−1]−z_vals [−2]) )
vr_cone = v_vals [−2]−( v_vals [−2]−v_vals [−1])∗(− z_vals [−2]/( z_vals [−1]−
z_vals [−2]) )
M_cone = M_from_V_dash ( vr_cone )
i f ReturnMach == 0 :
return ( t h e t a _ c )
e lse :
return ( M_cone )
def ShockAngle ( ConeTheta ,M) :
t h e t a _ c = ConeTheta
M_inf = M
theta_shock = t h e t a _ c
cone_angle_guess = 0
a = 90
b = theta_shock
c = ( a+b ) /2
while ( a−b ) /2 > 0 . 0 0 0 1 :
# p r i n t (" S t a r t " )
cone_angle_guess = ConeAngle ( c , M_inf )
i f cone_angle_guess == t h e t a _ c :
return c
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e l i f cone_angle_guess−t h e t a _ c < 0 :
b = c
# p r i n t (" d ing ")
e lse :
a = c
# p r i n t (" dong ")
c = ( a+b ) /2
# p r i n t ( c )
return ( c )
"""
s h o c k = [ ]
f o r i in range ( 1 , 9 0 ) :
s h o c k . append ( ShockAngle ( i , 7 ) )
p l t . p l o t ( s h o c k )
p l t . show ( )
"""
### Flow P r o p e r t i e s ###
y = 1 . 4
R = 287
p = 712
M = 5 . 8
T = 7 0 . 3
rho = p/(R∗T )
u = M∗ ( ( y∗R∗T ) ∗∗0 . 5 )
Tt = T∗T_st_on_T (M)
pt = p∗p_st_on_p (M)
rhot = rho∗ rho_st_on_rho (M)
### Cone and Shock P r o p e r t i e s ###
t h e t a _ c = 30
t h e t a _ s = ShockAngle ( theta_c ,M)
Mn = M∗ s in ( radians ( t h e t a _ s ) )
### Pos t Shock P r o p e r t i e s ###
M_2 = M2(Mn, radians ( t h e t a _ s ) )
p2 = p∗p _ r a t i o (Mn)
pt2 = p2∗p_st_on_p (M_2)
T2 = T∗ ( T _ r a t i o (Mn) )
Tt2 = Tt
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### Cone S u r f a c e P r o p e r t i e s ###
M_cone = ConeAngle ( theta_s ,M, ReturnMach = 1)
p_cone = pt2/p_st_on_p ( M_cone )
T_cone = Tt2/T_st_on_T ( M_cone )
print ( theta_s , M_cone , T_cone/T , p_cone/p )
def ConeSurface ( t h e t a _ c ) :
t h e t a _ s = ShockAngle ( theta_c ,M)
print ( t h e t a _ s )
Mn = M∗ s i n ( radians ( t h e t a _ s ) )
### Pos t Shock P r o p e r t i e s ###
M_2 = M2(Mn, radians ( t h e t a _ s ) )
p2 = p∗p _ r a t i o (Mn)
pt2 = p2∗p_st_on_p (M_2)
T2 = T∗ ( T _ r a t i o (Mn) )
Tt2 = Tt
### Cone S u r f a c e P r o p e r t i e s ###
M_cone = ConeAngle ( theta_s ,M, ReturnMach = 1)
p_cone = pt2/p_st_on_p ( M_cone )
T_cone = Tt2/T_st_on_T ( M_cone )
return ( [ M_cone , T_cone , p_cone ] )
"""
s h o c k = [ ]
f o r i in range ( 1 , 9 0 ) :
s h o c k . append ( C o n e S u r f a c e ( i ) [ 1 ] )
p l t . p l o t ( s h o c k )
p l t . show ( )
"""
ConeAngleCalc.py
from math import tan , radians , asin , degrees
from m a t p l o t l i b import pyplot as pp
M = 4 .
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mu = as in ( 1 . /M)
r a t i o = 0 . 7
cone1angle = radians ( 3 0 . )
cone2angle = radians ( 6 0 . )
R= [ ]
R2 = [ ]
x = [ ]
for L in range ( 1 , 9 0 ) :
L = f l o a t ( L )
# p r i n t (R)
x1 = r a t i o ∗L
x2 = (1− r a t i o ) ∗L
Rs1 = x1∗ tan ( cone1angle )
R2 . append ( Rs1 )
x . append ( L )
# p r i n t ( R2 )
Rs2 = ( ( 8 0 . / tan (mu) )− L ) ∗ tan (mu) ∗0 . 8
#R . append ( Rs2−Rs1 )
R . append ( Rs2 )
pp . p l o t ( x , R2 )
pp . p l o t ( x , R)
pp . show ( )
DragCalc.py
from math import pi , sin , cos , tan , radians , e
from m a t p l o t l i b . pyplot import plot , show , Axes
from m a t p l o t l i b import pyplot as p l t
import SupersonicCone as SC
y = 1 . 4
R = 287
p = 712
M = 6
T = 7 0 . 3
rho = p/(R∗T )
u = M∗ ( ( y∗R∗T ) ∗∗0 . 5 )
def CpMax1( h ) :
C = ( 2/ ( y∗ (M∗∗2) ) ) ∗ ( ( ( ( (M∗∗2) ∗ ( ( y+1) ∗∗2) ) /(4∗y∗ (M∗∗2)
− 2∗ ( y−1) ) ) ∗∗ ( y/(y−1) ) ) ∗ ( ( 1 − y + 2∗y∗ (M∗∗2) ) /(y+1) ) − 1)
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return (C)
"""
d e f D( h ) :
ds = CpMax( h ) ∗ rho ( h ) ∗ ( u ( h ) ∗∗2) ∗ p i ∗ ( r ∗∗2) ∗ ( 0 . 0 5 5 0 6 8 )
dc = CpMax( h ) ∗6 .8168∗ rho ( h ) ∗ ( u ( h ) ∗∗2)
# p r i n t ( ds )
# p r i n t ( dc )
d = ds + dc
r e t u r n ( d )
"""
def A( geometry ) :
# C a l c u l a t e s t h e s u r f a c e a r e a o f a s e c t i o n o f a cone #
angle = geometry [ 0 ]
d1 = geometry [ 1 ]
d2 = geometry [ 2 ]
t h e t a = angle
area = ( pi/s i n ( t h e t a ) ) ∗ ( ( d2∗ tan ( t h e t a ) ) ∗∗2 − ( d1∗ tan ( t h e t a ) ) ∗∗2)
return ( area )
t h e t a 1 = radians ( 3 0 )
t h e t a 2 = radians ( 6 0 )
d1 = 0
d2 = 0 . 0 6
d3 = 0 . 0 6
dcone_geo = [ theta1 , theta2 , d1 , d2 , d3 ]
A1 = A( [ theta1 , d1 , d2 ] )
A2 = A( [ theta2 , d2 ∗ ( tan ( t h e t a 1 ) /tan ( t h e t a 2 ) ) , d3 + d2 ∗ ( tan ( t h e t a 1 ) /tan ( t h e t a 2
) ) ] )
Cp_max = CpMax1 ( 1 )
def Drag_Newton ( theta ,A) :
D = Cp_max∗ ( ( s i n ( t h e t a ) ) ∗∗3) ∗0 .5∗ rho ∗ (u∗∗2) ∗A
return (D)
def Drag_Oblique_Shock ( theta ,A) :
D = pressure ∗A1∗ s in ( t h e t a )
return (D)
def Pr ( theta ,A) :
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Pr = Cp_max∗ ( ( s i n ( t h e t a ) ) ∗∗2) ∗0 .5∗ rho ∗ (u∗∗2)
return ( Pr )
pressure = SC . p_cone
print ( " Oblique Shock Drag i s : " , Drag_Oblique_Shock ( theta1 , A1) )
print ( " Modified Newton Method Drag i s : " , Drag_Newton ( theta1 , A1) )
print ( Pr ( theta1 , A1) )
x = [ d1 , d2 , d2+d3 ]
y = [ d1∗ tan ( t h e t a 1 ) , d2∗ tan ( t h e t a 1 ) , tan ( t h e t a 2 ) ∗ ( d3 + d2 ∗ ( tan ( t h e t a 1 ) /tan (
t h e t a 2 ) ) ) ]
p l o t ( x , y )
show ( )
t = 0 .002
M = 2700 ∗ A1 ∗ t
M = 0 . 1
print (M)
w = 500 #Hz
wn = w∗2∗pi
k = M ∗ wn∗∗2
print ( k/8)
M = 5 . 8 4
t h e t a _ c = [ ]
t h e t a _ s = [ ]
M_s = [ ]
V_c = [ ]
l i n e x = [ ]
l i n e y = [ ]
for i in range ( 5 , 5 5 ) :
ConeTheta = i
t h e t a _ c . append ( ConeTheta )
t h e t a _ s . append (SC . ShockAngle ( ConeTheta , M)−ConeTheta )
M_s . append (SC . ConeSurface ( ConeTheta ) [ 0 ] )
L = 1/( tan ( radians ( ConeTheta ) ) )
112 Appendix C. Python Code
V = pi ∗ ( 1∗∗2 ) ∗ (L/3)
V_c . append (V)
l i n e x . append ( 3 0 )
l i n e y . append ( i /5)
p l t . hold ( ’ on ’ )
p l o t ( theta_c , theta_s , l a b e l = ’ Angle Between Shock and Cone Surface ’ )
p l o t ( theta_c , M_s , l a b e l = ’Mach Number Behind Shock ’ )
p l o t ( theta_c , V_c , l a b e l = ’ Mass of Cone ’ )
p l o t ( l inex , l iney , l a b e l = ’ 30 degree Values ’ )
p l t . t i t l e ( ’ Various P r o p e r t i e s vs Cone Angle ’ )
p l t . x l a b e l ( ’Cone Angle ( degrees ) ’ )
p l t . y l a b e l ( ’ Property ’ )
p l t . legend ( l o c = ’ upper r i g h t ’ )
show ( )
Runge_Kutta_4.py
from numpy import dot , array
from pylab import arange
import m a t p l o t l i b . pyplot as p l t
"""
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
D e f i n e s t h e a f u n c t i o n t h a t s o l v e s t h e sys t em o f e q u a t i o n s f o r an x v a l u e
and
a v e c t o r o f y v a l u e s which i s e q u a l t o y = ( y , y ’ , y ’ ’ )
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
"""
def f ( x , y ) :
return dot ( array ( [ [ 0 , 1 , 0 ] , [ 0 , 0 , 1 ] , [ 8 ∗ x+3,−4∗x , 1 ] ] ) , y ) + array ( [ 0 , 0 , −(x
∗∗2) ] )
"""−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
D e f i n e s t h e s t e p s i z e , h
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−"""
h = 0 . 0 1
"""
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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D e f i n e s a f u n c t i o n t h a t r e t u r n s a s i n g l e s t e p us ing t h e Runge Kutta 4
method
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
"""
def rk4 ( x , y ) :
k1 = f ( x , y )
k2 = f ( x + ( h/2) , y + ( h/2)∗k1 )
k3 = f ( x + ( h/2) , y + ( h/2)∗k2 )
k4 = f ( x + h , y + h∗k3 )
return ( y + ( h/6) ∗ ( k1 + 2∗k2 + 2∗k3 + k4 ) )
"""
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
D e f i n e s a f u n c t i o n which r e t u r n s t h e v a l u e o f y a l o n g t h e t r a j e c t o r y a t x
= 0 . 5
and x = 1 . 5 f o r an i n t i a l g u e s s o f y ’ and y ’ ’ a t x = −1, by i t e r a t i n g
us ing RK4
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
"""
def shoot ( y2 , y3 ) :
y = array ([−10 , y2 , y3 ] )
x = −1
y_sol = [ ]
for n in range ( 1 , i n t ( ( 2 . 5 / h + 1) ) ) :
y = rk4 ( x , y )
x = x+h
i f x < 0.5000001 and x > 0.4900001 : y_sol . append ( y [ 0 ] )
i f x < 1.5000001 and x > 1.4900001 : y_sol . append ( y [ 0 ] )
return ( y_sol )
"""
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
D e f i n e s a f u n c t i o n which p r i n t s t h e t r a j e c t o r y us ing RK4 f o r an i n i t i a l
guess ,
u s e s t h e same method as t h e s h o o t f u n c t i o n t o g e n e r a t e t h e t r a j e c t o r y
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−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
"""
def shootp ( y2 , y3 ) :
y = array ([−10 , y2 , y3 ] )
x = −1
y_sol = [ ]
y_sol1 = [ ]
x_so l = [ ]
for n in range ( 1 , i n t ( ( 2 . 5 / h + 1) ) ) :
y = rk4 ( x , y )
x = x+h
i f x < 0.5000001 and x > 0.4900001 : y_sol . append ( y [ 0 ] )
i f x < 1.5000001 and x > 1.4900001 : y_sol . append ( y [ 0 ] )
x_so l . append ( x )
y_sol1 . append ( y [ 0 ] )
p l t . p l o t ( x_sol , y_sol1 )
return ( y_sol )
"""
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
D e f i n e s a f u n c t i o n which u s e s t h e b i s e c t i o n method t o r e t u r n t h e v a l u e o f
t h e
i n i t i a l guess , y ’ ’ , a t x = −1, so t h a t a t x = 1 . 5 , y w i l l be e q u a l t o −3,
w i t h i n some t o l e r a n c e .
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
"""
def b i s e c t ( a , b , d ) :
t o l = 0 .0001
while ( b−a ) /2 > t o l :
val_a = shoot ( d , a )
val = shoot ( d , c )
i f val [ 1 ] == −3:
return c
e l i f ( val [ 1 ] + 3 ) ∗ ( val_a [ 1 ] + 3 ) < 0 :
b = c
e lse :
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a = c
c = ( a+b ) /2
return c
"""
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
D e f i n e s a f u n c t i o n which u s e s t h e b i s e c t i o n method t o r e t u r n t h e v a l u e o f
t h e
i n i t i a l guess , y ’ and y ’ ’ , a t x = −1, so t h a t a t x = 1 . 5 , y w i l l be e q u a l
t o
−3, and a t x = 0 . 5 , y = 1 w i t h i n some t o l e r a n c e . Runs t h e b i s e c t f u n c t i o n
f o r
e a c h g u e s s o f y ’ s o t h a t t h e g u e s s o f y ’ ’ p r o v i d e s t h e c o r r e c t end p o i n t
v a l u e s .
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
"""
def b i s e c t 1 ( a , b ) :
t o l = 0 .0001
c = ( b+a ) /2
while ( b−a ) /2 > t o l :
c1 = b i s e c t (−100 ,100 , c )
a1 = b i s e c t (−100 ,100 , a )
val_a = shoot ( a , a1 )
val = shoot ( c , c1 )
i f val [ 0 ] == 1 :
return c
e l i f ( val [0]−1) ∗ ( val_a [0]−1) < 0 :
b = c
e lse :
a = c
c = ( a+b ) /2
return ( c , c1 )
"""−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Return t h e c o r r e c t i n i t i a l g u e s s f o r y ’ and y ’ ’
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−"""
p = b i s e c t 1 (−100 ,100)
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"""−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
P r i n t s t h e c o r r e c t t r a j e c t o r y
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−"""
shootp ( p [ 0 ] , p [ 1 ] )
p l t . show ( )
